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Again.  Ships  D and  E differ  primarily  in  their  speed  capabilities.  The  remaining  candidate 
design  represents  a vehicle  which  has  two  distinct  operating  characteristicv  In  toe 
transiting  condition,  this  ship  is  essentially  an  oceangoing  catamaran  and  is  denoted  as 
Ship  F.  Once  the  working  station  is  reached,  this  ship  floods  down  anti  becomes  a very 
small  waterplane  area  vehicle.  The  submerged  catamaran  hulls  are  connected  to  the  super- 
structure by  four  slender  elliptical  vertical  struts.  In  this  configuration,  the  ship  is 
designated  as  Ship  G.  Based  on  the  weighed  characteristics  of  all  ship  candidates  in 
transit  as  well  as  in  the  stationkeeping  mode,  it  was  established  that  Ship  E (a  20-knot, 
small  waterplaae  area  twin  hull-SWATH-design ) is  the  most  suitable  for  the  defined 
mission  of  a N*vy  work  boa  t . This  conclusion  is  based  entirely  on  the  seakceping  responses 
of  the  candidate  designs  without  reference  to  construction  or  operating  costs. 
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Lff 

RAO 
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RMS 

TZ 
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T0 


Clearance  between  the  calm  water  surface  and  the  ship 
cross  structure  or  freeboard  at  longitudinal  location  Lt- 

Draft  at  L^. 

Longitudinal  metacentric  height 
Transverse  metacentric  height 

Significant  wave  height,  average  of  the  I /3  highest  waves 
Lateral  acceleration  in  g 

Longitudinal  location  for  which  relative  motion  between 
ship  and  water  surface  was  predicted 

Length  between  perpendiculars 

Vertical  acceleration  in  g 

Response  amplitude  of  operator 

Relative  bow  motion  at 

Roof  mean  square,  square  root  of  variance 

Natural  heave  period,  period  corresponding  to  maximum 
value  of  beam-sea.  zero-speed  heave  RAO 

Natural  roll  periou.  period  corresponding  to  maximum 
value  of  beam-sea.  zero-speed  roll  RAO 

Natural  pitch  period,  period  corresponding  to  maximum 
value  of  head-sea.  zero-speed  pitch  RAO 


ABSTRACT 


The  seakeeping  characteristics  of  six  hastcaliv  different  ship  designs  were 
evaluated  to  determine  their  comparative  effectiveness  as  a U.S.  Navy 
work  boat.  Three  of  the  designs  represent  conventional  monohulls  with 
different  size  and  speed  capabilities.  Ship  A represents  the  currently  employed  tor- 
pedo tetriever  boat,  and  Ships  B and  C represent  larger  versions  of  A with  expanded 
capabilities.  Two  designs  (Ships  D and  E)  represent  small  waterplanc  vehicles 
which  have  the  same  mission  capabilities  as  B and  C.  Again.  Ships  D and  K 
differ  primarily  in  their  speed  capabilities.  The  remaining  candidate  design, 
a column-stabilized  catamaran,  represents  a vehicle  which  has  two  distinct 
operating  characteristics,  in  the  transiting  condition,  this  ship  is  essentially 
an  oceangoing  catamaran  and  is  denoted  as  Ship  F.  Once  the  working  station 
is  reached,  this  ship  floods  down  and  becomes  a very  small  waterplanc  area 
vehicle.  The  submerged  catamaran  hulls  arc  connected  to  the  superstructure 
by  four  slender  elliptical  vertical  struts.  In  this  configuration,  the  ship  is 
designated  as  Ship  G. 

Based  on  the  weighed  characteristics  of  ail  ship  candidates  in  transit  as 
well  as  in  the  station-keeping  mode,  it  was  established  that  Ship  h la  20-knot, 
small  waterplanc  area  twin  hull  SWATH  design!  is  the  most  suitable  ship  for 
the  defined  mission  of  a Navy  workboat.  This  conclusion  is  based  entirely  on 
the  seakeeping  response**  of  the  candidate  designs  without  reference  to  con- 
struction or  operating  costs. 


ADMINISTRATIVE  INFORMATION 

This  work  was  conducted  at  the  Nava!  Ship  Research  and  Development  Center  tNSRDO 
by  Ship  Performance  IX-partmcnt  Code  !5f>K  at  the  request  of  NSRDC's  Systems  Develop- 
ment Department.  The  work  reported  herein  was  funded  under  Work  Cmt  I -I  i ~0-()X.>. 


INTRODUCTION 

The  U.S.  Navy  has  been  employing  a small  Ss-l-oot  hanichino  boat  in  Us 
Hawaiian  operations.  This  boat  has  been  found  to  be  far  from  ideal  as  a workboa*  in  «t>  present 
role  because  of  its  limited  size  and  the  associated  seakeeping  characteristics.  NSRDC  was 
requested  to  perform  a feasibility  design  for  a workboat  that  is  more  suitable  for 
present  and  projected  tasks  in  the  Hawaiian  area.  The  seakeeping  analysis  undertaken  for 
this  feasibility  design  is  the  subject  of  the  present  report. 

Ship  motions,  including  accelerations,  and  the  relative  ship  to  water  motions  were  pre- 
dicted in  long-crested,  irregular  seas  for  a scr.-f of  six  ships  of  basically  different  design. 
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Frvc  represent  competing  feasibility  ilnipn  for  a workboat  lo  be  used  by  the  \jv> 
and  the  other  represents  the  existing  work  taut  Since  the  five  competing  feasibility 
(hrsigns  all  have  the  same  mission,  motion  predictions  were  made  for  a senes  of  realistically 
related  ships  by  using  a vanety  of  documented  and  undocumented  ship  motion  computer 
programs. 

Three  aspects  of  these  prediction  procedures  were  somewhat  unusual  for  this  type  o( 
motion  investigation.  The  first  was  the  use  of  four  distinct  wave  spectra  to  represent  sea 
conditions  at  a specific  sea  state  or  wave  height  level.  The  second  was  that  ship  responses 
were  evaluated  for  ship  mission-oriented  conditions,  i.e..  transiting  in  head  seas  to  the  work 
site  and  stationkecping  at  the  work  site.  The  third  aspect  was  that  their  effectiveness  was 
evaluated  hy  considering  how  well  the  various  candidates  meet  specific  ship  response 
criteria  for  the  two  operating  conditions. 


PREDICTION  PROCEDURE 


OVERVIEW 

Four  basic  computer  programs  or  groups  of  programs  wen.*  used  to  develop  ship  n*sponses. 
Two  programs  developed  the  n*sponses  in  the  frequency  domain,  and  the  other  two  developed 
and  n*duced  these  responses  in  the  time  domain. 

The  first  program  developed  the  response  amplitude  operators  i RAOs)  and  the  second 
program  calculated  the  responses  of  the  various  ships  for  a series  of  four  distinct  sea  con- 
ditions selected  from  the  intended  operating  an*a  of  the  workboat.  The  third  program  con- 
verted the  results  of  the  first  program  into  the  time  domain,  and  the  fourth  program 
computed  the  critical  wave  heights  at  which  ship  performance  would  be  degraded  by  mission- 
interrupting  events  such  as  slamming  or  deck  wetness.  It  is  pointed  out  that  the  results  of 
the  second  prognm  were  used  primarily  to  check  the  time  domain  ship  responses  of  the  thr* .. 
computer  program. 

Three  different  computer  programs  were  used  to  calculate  the  RAOs  which  characterize 
ship  responses  for  particular  load,  speed,  and  heading  conditions.  Monohull  RAOs  were 
obtained  from  the  NSRIXT  Ship  Motion  and  Sea  Load  Program.1*  Both  head  and  beam  sea 


*We>crv  Vs  ,C I . cl  jl..  ■'Mjp,uI  SSRIX'  Ship  Motion  and  Sea  Load  Computer  Program ."  NSRIX'  Report  5376 
» 1 975t.  A complete  Inline  of  reference',  i*  p*en  on  pap  33. 

'Salvnei.  Si.  el  al..  "Ship  Motion*  and  Sea  Load*."  SNAMI  Tran*..  Vol.  7X.  pp.  55U-2H7  rl970r. 


RAOs  were  obtained  lor  the  monohulls  from  this  program.  RAOs  from  SWATH  and  column- 
stabilized  catamarans  in  head  seas  were  obtained  from  an  undocumented,  modified  version  ol 
the  Frank  Close-Fit  Ship  Motion  Computer  Program.3,4  In  turn,  the  beam  sea  RAOs  for 
these  ships  were  calculated  by  using  an  undocumented  computer  program  as  ’’.ell  as  roll 
damping  coefficients  measured  during  SWATH  model  experiments. 

The  RAOs  calculated  by  the  various  programs  were  converted  to  a single  consistent 
coordinate  system  prior  to  their  use  as  input  to  the  third  or  time  domain  conversion  pro- 
gram. The  time  domain  conversion  was  performed  by  using  the  procedures  of  jeveral  investi- 
gators.5 

The  relative  bow  motions  calculated  in  the  fourth  program  were  developed  according  to 
the  procedure  given  in  Appendix  A.  Simple  level  crossing  techniques  were  employed  to 
establish  the  number  o*'  critical  events  (slamming,  deck  wetness  or  cross-structure  impacts) 
that  would  interrupt  ship  mission  during  30  minutes  of  operation  in  the  selected  seaways.  It 
should  be  noted  that  all  ships  were  subjected  to  exactly  the  same  seaway  time  history  at  a 
particular  modal  wave  period  and  speed  condition.  Thus  the  responses  of  the  individual 
candidate  vehicles  are  directly  comparable  at  the  various  conditions. 


SHIP  AND  PREDICTION  PARTICULARS 

Figure  I presents  the  particulars  of  the  seven  configurations  for  which  response  pre- 
dictions were  made.  Ship  A.  a small  85-foot  hardchine  boat,  was  included  because  it 
represents  a workboat  whose  response  characteristics  as  a Navy  workboat  arc 
already  known.  The  objectionable  characteristics  of  this  boat  when  transiting  to  the  work 
site  (slamming,  wetness)  as  well  as  during  stationkeeping  at  the  site  (excessive  roll)  thus 
represent  response  levels  against  which  the  new  workboat  candidates  can  be  compared. 

Both  the  cross  sections  of  the  candidate  boats  at  a longitudinal  location  Lc  and  the 
location  of  L(.  on  the  calm-water  waterplane  area  are  shown  in  Figure  I.  Lc  was  the 


31  rank.  W.  and  N.  Salvcscn.  "The  l-rank  Close-l  it  Ship-Motion  Computer  Program."  NSRDC  Report  3289  (19701. 
*Jones.  H.D..  "Catamaran  Motion  Prediction  in  Regular  Waves."  NSRDC  Report  370(1  (1972). 

' /.arnkrk.  I . I and  J.A.  Dtskin.  "Modeling  Techniques  for  the  I valuation  of  Anti-Roll  Tank  IX’viees."  Third  Ship  Control 
Symposium.  Rath.  England  (Sep  19721. 

^Withringlon.  J.K„  “Analytical  Methods  for  Verifying  (he  Structural  Integrity  of  LNG  Carriers.”  Third  International 
Conference  on  Liquified  Natural  Cos.  Washington.  I).C.  (Sep  1972). 

7Battis.  A.E.  ct  al..  "I.NG  Cargo  Tanks:  A Ship  Motions  Analysis  of  Internal  Dynamic  Loadings.”  GASTKCH  74, 
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kv<(m<.  it  whub  rciiJPi'  motion*  between  the  Jnp  and  the  water  were  computed  for  a1! 
ship*  in  >,-m(  v*v  IV  ir  .-**.«*  for  tht%  ehv«iec  of  loca  -«i  are  diwuvved  later  Both  size  and 
arrangement  of  the  w4trT?dje*£'  *n-a  of  the  comlnUte  boats  arv  shown  in  order  to  demon- 
strate their  significant  JilTetrisv**  T wo  points  should  be  noted  m this  regard.  First,  the 
watcrplanc  areas  e'xcntialh  rr-pne**,-  * » .»  measure  ol  the  static  restoring  force  potential  of  thv 
different  ships.  ».c..  the  ton*  per  irv h tmeviMon  The  three  monohulls  (Ships  A.  B.  and  C). 
fee  csample.  respectively  require  T ' and  10  4^  tom  to  increase  draft  by  I inch  On 
the  other  hand,  the  ! 5-  and  lO-knot  SWATH*  i Ships  D and  I I respectively  require  only  2.7M 
and  .VTO  tons  to  increase  the  draft  by  I mch  The  co*umn-*tabdi/cd  ship  requires  an  in- 
crease of  F % tons  per  inch  of  draft  in  the  miHaeed  .vjodition  (Ship  Ft  even  though  it  has 
essentially  twice  the  displacement  of  the  monobuO  with  equal  1 5-knot  design  s,  eed.  Oner 
the  hubs  oi  tin  eiiumn-stabilued  catamaran  are  submerged  «5Vp  Gl.  tr*h  l.M  to:o  are  required 
to  increase  draft  by  1 inch.  This,  of  course,  is  even  lea*  than  the  very  much  smaller  Ship  A 
tdmough  t-allast  pumping  would  alleviate  this  very  low  extra  p*>  kv*K  any  mg  capacity  The 
key  point  to  note  is  that  monohulls  are  much  less  sensitive  to  pay  toad  swrease  *San  ate 
SWATHs.  Tlius.  one  of  the  significant  differences  between  these  two  r*rv»  t»  their  sensitivity 
to  payload  increases.  It  is  important  to  recognize  this  fundamental  dirttmxe  «n  the  payload 
growth  potentials  of  the  two  types. 

The  basic  motion  behavior  in  seaways  represents  a second  mayor  diffcrei.^r  *'erwevn  the 
ship  types.  The  small  watcrplane  area  SWATH  and  the  column-stabilized  catamaran  Vqh 
have  very  large  natural  motion  periods,  particularly  for  angular  ship  responses.  The  nat»r-f 
periods  shown  in  tabular  form  (Figure  I)  were  obtained  fiwii  the  zer  v>r'ced.  heam-sca.  ro8 
and  heave  RAOs  and  the  zero-speed,  head-sea  pttch  RAOs.  The  !nq>ortancc  of  the  song 
r a rural  periods  is  that  motion  responses  due  to  seas  generated  by  local  w(r*ls  are  thus  lower 
for  the  SWATils  than  foi  the  monobulls  or  the  catamaran  (Ship  Ft. 

The  major  ship  dimensions  and  particulars  are  given  in  Figures  I and  2.  Figure  1 was 
prepared  to  demonstrate  in  detail  the  specific  input  to  the  various  computer  programs  that 
produced  ship  . ...on  RAOs.  Note  that  these  programs  consider  only  the  below-thc- 
wateriine  hull  form.  Forward  sections  are  shown  on  the  right-hand  side  and  aft  section*  on 
the  left-hand  side  of  the  figure.  The  large  dilierence  in  the  beam  and  drafts  of  the  various 
ship  types  is  dearly  demonstrated.  Monohulb  (Ships  A.  B,  O dearly  have  both  the  most 
shallow  drafts  and  the  largest  waterplane  areas  whereas  the  SWATHs  (D  an ! I ) and  Ship  F/G 
have  the  deepest  drafts  and  the  greatest  beam  and  deck  ik. 

Ship  responses  were  calculated  for  operating  conditions  which  represent  two  specific 
dements  of  ' ship  mission,  namdv  the  m-transil  and  stationkeeping  operating  modes. 
Stattonkec}'  was  considered  to  consist  of  head  and  beam  sea  -espouses  at  0 and  5 knotv 
The  m- transit  operating  n«,Af  was  considered  to  be  represented  by  Inrad  sea  responses  at 
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speeds  up  tc  the  design  speeds  of  the  candidate  ships.  i.e..  1 5 and  20  knots.  It  should  be 
noted  that  Ship  G.  the  coumn-stabilized  c?  lam  a ran  in  the  submerged  condition,  has  a top 
speed  of  5 knots  and  thur-  resp  jnae  predictions  were  made  for  0 and  5 knot*  in  head  seas. 

Figure  4 summarizes  the  individual  responses  predicted  for  the  various  craft  in  head  and  .. 
beam  seas.  Head  sea  responses  wer?  developed  for  essentially  four  different  locations  on  the 
ships  and  beam  sea  responses  for  only  two  locaticxu.  It  was  considered  that  head  sea  or  in- 
transit ship  responses  couid  best  be  represented  by  vertical  accelerations  at  three  longitudinal 
locations  as  well  as  by  pitch  and  the  relative  motion  at  a critical  longitudinal  location 
(faint  4).  faints  I and  ? represent  the  furthest  practical  forwaid  and  aft  locations  at 
which  ship  mission- related  work  might  be  required  during  the  in- transit  operating  mode, 
faint  2 represents  the  location  of  the  center  of  gravity  (CG)  at  the  main  deck  level 

Beam  sea  responses  were  calculated  only  to  amplify  the  heat*  sea  statiookccping  responses 
at  0 and  5 krots.  Only  roll,  lateral,  and  vertical  acceleration  at  the  CXI  (Point  11  were  cal- 
culated in  beam  seas  at  0 knots.  The  vertical  and  lateral  accelerations  wen.*  calculated  at  the 
afimost.  outboard  location  on  the  decks  of  the  various  ships,  i.e..  Point  2 These 
acceleration  predictions  were  made  on  the  assumption  that  Point  2 wou»d  he  the  furtliest  aft. 
practical  location  at  which  such  miss*  •'••related  work  as  launch  and  rctrievj  of  buoys  could 
be  made.  The  transverse  distance  from  the  centerline  is  tubulated  as  b in  Figure  I The 
furthest  practical  forward  acceleration  responses  may  be  assumed  to  be  carnally  identical 
to  the  Point  2 predictions. 

Figure  5 presents  the  range  of  theoretical  wave  spectra  used  to  represent  the  range  of 
irregular  sea  conditions  which  the  work  boa  Is  arc  expected  to  encounter  during  operation 
Figure  6 indicates  Ac  vancus  ship  and  sea  conditions  for  which  ship  response  predictions  are 
made.  The  sea  representation  .s  described  m greater  detail  in  the  following  section 

SEA  REPRESENTATION 

Realistic  seas  are  composed  of  a mixture  of  locally  generated  wind  waves  and  sweil  from 
distant  storms.  Swell  differs  from  locally  generated  waves  primarily  in  that  waves  doc  to 
swell  are  very  much  1 oncer  and  somewhat  more  regular  or  periodic  than  short,  choppy  w^w- 
gencrated  waves.  The  mixture  of  such  seas  can  result  in  waves  whose  spectra  mav  wave  two 
or  more  distinct  modal  periods  or  spectral  peaks  depending  on  the  differences  m (be  modal 
periods  of  the  local  sci  and  the  swell  as  well  as  on  their  charactemlur  wove  heights.  Several 
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tuition  have  noted*"  11  that  the  variability  of  rrafobc  sea  spectra  cannot  be  adequately 
accounted  for  by  meant  of  a noyte- parameter  Pic  non  Moahowitz  wave  spectrum  formulation.1  ' 

At  present,  there  are  two  base  schools  of  thought  as  to  how  the  accuracy  and  real  am 
of  the  tea  description  can  be  improved  for  purposes  of  predicting  ship  response.  One’-  1 
favors  some  type  of  idealized  spectral  family  and  the  other*  ’”  favors  usr  of  a weighted  set 
of  real,  measured  spectra.  Baitis  et  al.7  have  demonstrated  the  equivalence  of  these  two 
approaches  for  design  purposes. 

Simulation  techniques,  such  as  those  recently  employed  by  Baits  et  al..*  can  bf  employed 
to  genera  U.  any  arbitrary  set  of  realistic  waves.  Their  recent  sea  simulation  considered  both 
swell  and  wind-driven  seas  together  with  their  relative  directions  and  thetr  respective  character- 
istic wave  heights.  However,  consideration  of  aB  possible  combinations  •: > • the  relevant  seaway 
parameter,  wo.  ’d  result  in  an  extremely  Large  data  base,  at  least  as  large  as  that  from  all 
previauatv  measured  wave  spectra.  Simplification  of  such  a complex  sea  model  is  oKa mriy 

uPuVDIC, 

Fortunately,  the  matching  of  any  particular  realistic  wave  spectir^a  with  aa  idcaferd 
spectrum  is  of  little  importance  tn  ship  motion-related  design  Z*c mac  may  particular  wave 
spectrum  is  not  HkeK  to  be  encountered  by  a ship.  > «■  at  tfce  af  oat  importance,  however, 
to  develop  sea  models  which  wdi  accurately  d*£*r  tit  aw «gr  of  drip  responses  that  are  likdy 
to  be  produced  by  the  almost  lirr  J?ss  ut  of  teal  sea  conditions  (spectra)  a ship  may 
encounter.  By  definition,  such  s range  wart  iudude  aB  pomible  responses  that  can  occur  due 
to  widely  different,  real  ^w. 


Swta.  JJ.  art  TJL  SatrMa,  “Seakreping  Criteria  art  Specifications.”  SNAKE  Seakeeping  Symposium.  Webb  Institute 
rt  Mart  Asertmiutt.  Gin  Cose.  N.Y.  (Oct  1973). 

*Brtfc.  AX.  cl  aL.  "Dwtign  Accdoatioa  art  Ship  Motions  for  LNG  Caryo  Tanks.**  Tenth  Symposium  on  Naval 

Hydrodynamics  (inn  1974). 

"MUM  of  Scafcceping  Performance.”  17th  American  Towmy  Tank  Conference  State  of  the  An 

Kapott-Saakaapinf  (Jaa  1974). 

^Hoffaaan.  D.  “Aaatyris  of  Measured  and  Calculated  Spectra.”  International  Sympoaaim  on  the  Dynamics  of  Marine 
VeWdrn  art  Structures  in  Wives,  UWventty  College.  London  (Apr  1974). 

'^Hoffman,  D.  , “Environmental  Condition  Representation,”  17th  American  Towiny  Tank  Conference  State  of  the  Art 
Rcpoat-Scakcepiag  (lun  1974). 

’ ^Pierson,  J.W.  and  L.  Moricowitz,  “A  Proposed  Spectral  Form  for  Fully  Developed  Wind  Seas  Based  on  the  Similarity 
Theory  of  S.S.  Kitasgorddcn,**  J.  Geophys.  Re*..  Vol.  69,  No.  24  (1964). 

'Reported  informally  by  A£.  Baitis  et  aL,  in  NSRDC  Evaluation  Report  563-H-OI  (May  1974) 
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Urn  rangr  of  ship  mpor^c*  obtain ed  here  by  the  me  of  a series  of  two-parameter 

wave  spevira  < vignifuris  ware  hrt^tl  and  modal  period)  of  the  form  developed  by 
Brrtschneidcf- l*  TaMe  I deftnes  «ea  conditions  in  terms  of  significant  wave  heights  and 
prevent  dw  a—riated  modal  wave  periods  of  seas  generated  by  purely  local  winds.  Thus. 

Sme  taMe  gives  essentially  the  normally  accepted  definition  of  sea  states  in  terms  of  wave 
height  as  wefl  as  the  shortest  modal  period  waves  associated  with  a particular  wave  height.  It 
is  to  be  noted,  of  course,  that  when  the  addition  of  swell  is  considered,  longer  modal  wave 
periods  may  occur  as  sea  and  swell  mix. 

Table  2 presents  the  statistical  constants  by  which  the  RMS  wave  heieht  or  ship 
responses  may  be  related  to  statistical  levels  such  as  the  average,  the  average  of  the  1/3  highest 
amplitudes,  etc.  It  should  be  noted  that  this  average  of  the  1/3  highest  amplitudes  is 
generally  referred  to  as  the  significant  response  or  wave  amplitude.  Double  amplitudes  or 
wave  height  statistics  are  obtained  from  the  RMS  values  by  multiplying  the  single-amplitude 
constants  by  2. 

In  the  present  investigation,  the  seas  were  represented  by  four  different  modal  wave 
period  spectra.  Modal  periods  of  6.  8.  10,  and  14  seconds  were  chosen  because  they 
represent  the  range  of  sea  and  swell  conditions  which  typically  occur  (see  Table  3)  at  the 
anticipated  work  site.  Typical  characteristics  of  the  seas  in  this  locality,  taken  from  recent 
references,  are  discussed  in  somewhat  more  detail  in  the  following  section. 

Figure  5 illustrates  the  Brctschneider  wave  spectra  used  to  represent  the  range  of  local 
sea  conditions.  These  wave  spectra  are  shown  for  a 1-foot  significant  wave  height.  Table 
presents  the  statistical  constants  as  well  as  the  equation  for  the  Bretschncider  spectra  in 
terms  of  the  significant  wave  heights  and  modal  periods  which  are  related  to  the  various  sea 
states  defined  in  Table  1 . 

Two  important  results  come  about  because  of  this  choice  of  sea  spectral  representation. 
The  first  is  related  to  the  linearity  of  the  responses  and  the  second  to  the  physical  in- 
terpretation of  the  range  of  responses  associated  with  the  four  distinct  modal  periods.  Since 
ship  responses  are  linear  for  engineering  purposes,  responses  can  then  be  determined  for  any 
wave  height  from  the  results  of  the  unit  or  1-foot  significant  wave  height. 

The  physical  interpretation  of  the  range  of  responses  varies  somewhat  with  wave  height. 
The  given  modal  period  wave  spectra  represent  different  mixtures  of  sea  and  swell  at  the 
various  wave  height  levels.  When  considered  for  a significant  wave  height  of  2 feet,  the 


**BretschneideT.  C.L..  "Wire  V inability  and  Wave  Spectra  for  Wave  Generated  Gravity  Wave*.”  Department  of  the  Army. 
Corps  of  Engineers  Technical  Memorandum  1 18  (1959). 
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Beecoad  period  spectnun,  for  example,  represents  a very  pen  tie,  local  wind  peas  rated  sea  with 
a minor  swell  at  8 seconds.  For  these  tame  conditions  but  a significant  wave  beipht  of  4 feet, 
both  the  wind-generated  local  sea  and  the  8 second  swell  increase  in  severity,  the  latter  some' 
what  more  than  the  local  sea.  As  the  significant  wave  height  is  increased  to  about  8 feet,  this 
Spectrum  represents  a fully  developed  wind-generated  sea  without  swell.  If  the  significant 
wave  height  is  again  increased  to,  say,  1 2 feet  the  8-aecond  spectrum  now  represents  the 
steepest,  partially  developed,  hurricane-generated  sea  commonly  found  in  the  open  ocean. 
Further  increases  in  significant  wave  height  at  this  modal  period  tend  to  produce  very  rare, 
steep  seas  which  can  occur  only  in  land-locked  bays  or  lakes.19*16  Certainly  at  steepness 
ratios  (significant  wave  height/wavelength  corresponding  to  modal  wave  period)  of  greater 
than  1/9  or  1/8,  the  wave  spectrum  becomes  physically  unrealizable. 

The  most  important  fact  to  note  in  the  discussion  of  sea  representation  is  that  this 
series  of  different  modal  period  wave  spectra  establishes  the  range  of  the  motion  responses 
that  can  be  expected  due  to  the  variability  of  the  seas. 


SEA  CONDITIONS  IN  OPERATING  AREA 

Sea  conditions  in  the  ocean  area  (Hawaiian  islands)  in  which  the  workboat  is  to 
operate  were  recently  analyzed  both  for  short-term  and  long-term  characteristics.17  Based 
on  measured  and  observed  wave  data,18,19  the  analysts  indicated  that  seas  in  the  operating 
area  can  be  grouped  into  four  basic  sets  according  to  their  independent  generation  mechanisms: 
(I)  waves  generated  by  northeast  trade  winds,  (2)  waves  generated  by  the  local  Kona  storms, 
(3)  swell  originating  in  the  North  Pacific,  and  (4)  southern  swell.  The  Kona  wind  waves  and 
the  trade  wind  waves  are  mutually  exclusive;  all  other  combinations  of  swell  and  wind  waves 
may  or  may  not  occur  simultaneously. 

For  each  of  the  basic  wave  systems,  the  analysis17  presents  the  frequency  of  occurrence, 
the  direction  from  which  the  waves  originated,  the  avenge  yearly  significant  wave  heights. 


1SFon,  NA.  « «L,  "*w  Cttmatolocy  for  the  Gnat  Lake* Nat.  Ocean  Atmoep.  AdaWu  Tech  meat  Memorandum  NWS 
TDL-40  (Fe  > 1971>. 

1**to«S,  J-  “Ware  Clhnata  Study  Gnat  Lakaa  and  Gulf  of  Si.  Lawrence,"  SNAME  TAR  Matin  2-17  (197)). 

'7s*- “The  Wind*,  Cwteati,  and  Warn  at  the  Site  of  the  Floaty  City  Off  Waidfci,"  UWe.  Hawaii  Report  7 
(Dec  1974). 

18Hotaar,  F-S-.  "CfcuacteriMki  of  Deep  Water  Waves  in  (Mm  Ana  for  a Typical  Year."  Report  prepend  by  Marina 
Adtriaen,  LaJoRa,  California,  for  Board  of  CommMoaers.  State  of  Hawaii,  under  Contract  5772  (1944). 

_ *V  “d  t-A.  shanatt,  “A  Pniatiaary  Study  of  Ocaaa  Wane  in  the  Hawaiian  Ana,"  Date.  Hawaii.  Hawaii  Im. 
Geophys.  Report  H 16-69-16  (1949). 
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and  the  average  significant  wave  periods.  The  significant  wave  periods  may  be  regarded  as 
equivalent  to  the  modal  periods  of  the  waves/wave  spectra.  The  results,  summarized  in 
Table  3,  demonstrate  that  the  modal  periods  of  the  local  sea  conditions  range  from  about  6 
to  14  seconds,  i.e.,  the  range  of  periods  for  which  ship  motion  predictions  were  made. 

It  is  also  of  interest  to  know  the  relative  frequencies  at  which  individual  wave  systems 
or  combinations  thereof  occur.  These  frequency  results  were  therefore  prepared  from  the 
data  of  Table  3 and  are  presented  as  Figure  7 in  the  form  of  a Venn  diagram.  The  frequency 
of  occurrence  of  individual  wave  systems  is  represented  by  the  total  area  within  the  circle 
labeled  by  the  name  of  the  system.  For  example,  northeast  trade  wind  seas  are  represented 
by  a circle  (7S.3  percent)  composed  of  four  distinct  areas  of  wave  system  combinations.  In 
turn,  each  area  represents  a different  combination  of  wave  systems.  For  example,  northeast 
trade  wind  seas  and  calm  seas  occur  together  only  9.2  percent  of  the  time,  northeast  trade 
wind  seas  and  southern  swell  occur  together  only  10.4  percent  of  the  time,  the  combination  ' 
of  these  two  with  North  Pacific  swell  occurs  29.5  percent  of  the  time,  and  the  combination  of 
northeast  trade  wind  seas  and  North  Pacific  swell  occur  26.2  percent  of  the  time. 

Several  important  points  are  demonstrated  by  these  frequency  results: 

1.  The  scarcity  of  single  direction  or  single  wave  system  seas,  i.e.,  pure*  wind-generated  seas 
(9.’2  + 1.3  - 10.5  percent)  and  pure  swell  seas  (5.0  + 2.0  * 7.0  percent). 

2 The  scarcity  (5.7  percent)  of  pure**  multidirectional  swell  in  the  absence  of  wind  waves. 

3.  The  large  percentage  (29.5  + 4.0  = 33.5  percent)  of  wind  seas  and  two-component 
swell  seas  of  nearly  the  same  period,  i.e.,  about  13  to  14  seconds. 

4.  The  predominance  of  a mixture  of  sea  and  swell  (75.1  percent). 

This  fourth  point  emphasizes  the  importance  of  using  a sea  representation  model  of  the  type 
selected  here  for  an  analysis  of  comparative  seakeeping  capability. 

Thus  the  occurrence  of  pure  wind-generated  seas  is  expected  to  affect  the  response  of 
monohulls,  especially  the  small  one,  more  severely  than  the  other  ship  types.  Conversely,  the 
occurrence  of  pure  swell  seas  consisting  of  either  a single  swell  or  two  different  swells  of 
nearly  equal  periods  is  expected  to  be  of  greater  importance  for  the  seakeeping  of  the 
SWATH  ships  and  the  column-stabilized  catamaran  than  for  the  monohulls. 

Some  comments  on  the  relative  importance  of  various  combinations  of  wave  systems 
are  relevant  here.  St.  Denis,1 7 calculated  that  the  yearly  average  significant  wave  height  due 
to  sea  and  swell  from  all  directions  was  equal  to  6.25  feet  and  that  the  average  significant 


‘lIM  of  calm  mm.  Mrdl  ot  calm  mu. 

"hm  Um  urn  pure  WM*M  wM  mm  without  buchprouMl  mm*,  mad.  tamMiy.  twdb  without  the  ptiMuee  of  local 
wM  awl  wM  Mia. 
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wave  period  of  these  aces  wa*  equal  to  1 1.4S  seconds.  He  also  presented  the  expected  yearly 
maximum  values  of  significant  wave  heights:  about  5 feet  for  the  southern  swell,  12  feet  for 
die  Kona  storm  waves,  IS  feet  for  the  trade  wind  waves,  and  19  feet  for  the  North  Pacific 
swell.  It  is  dear  from  these  data  that  southern  swell  is  not  likely  to  attain  heights  that  will 
make  operation  difficult  when  they  augment  the  heights  of  waves  for  other  directions.  Thus 
southern  swell  is  not  likely  to  cause  difficulties  for  work  boat  seakeeping.  On  the  other  hand, 
the  combination  of  extreme  Kona  winds  with  North  Pacific  swell  is  likely  to  produce 
occasional  difficulties.  Finally,  the  combination  most  likely  to  produce  difficulties  is  the 
extreme  northeast  trade  wind  waves  and  North  Pacific  swell. 

Baaed  on  the  above  results,  it  has  been  concluded  that  a yearly  average  wave  height  of 
6.2S  feet  (due  to  all  waves)  will  not  often  be  exceeded.  More  specifically,  the  wave  height 
(he  to  all  seas  will  be  greater  than  7 feet  only  about  13  percent  of  the  time  and  greater  than 
10  feet  only  about  3 percent  of  the  time.  Therefore,  it  has  been  concluded  on  the  basis  of 
these  local  sea  characteristics  that  the  behavior  of  the  candidate  ships  in  waves  up  to  6 feet 
high  is  of  primary  importance  in  establishing  their  comparative  seaway  performance.  Conse- 
quently their  survival  capabilities  have  not  been  examined  to  any  significant  extent  in  com- 
paring the  feasibility  of  designs. 


CALCULATION  OF  ROLL 

As  mentioned  earlier,  die  monohull  responses  were  calculated  in  head  and  beam  seas  by 
using  the  NSRDC  Ship  Motion  and  Sea  Load  Program.  The  responses  were  calculated  both 
with  and  without  bilge  keels  in  accordance  with  standard  procedures  that  ate  incorporated  as 
part  of  that  program. 

The  roll  motions  of  the  SWATH  ships  were  calculated  according  to  the  procedures  of 
Lee  and  unpublished  damping  data  from  recent  NSRDC  model  experiments.  The  simplified 
program  (unpublished)  developed  by  Lee  was  used  to  predict  roll /heave  motion*  of  the 
SWATHs  in  beam  seas.  This  program  essentially  considers  the  ship  as  a constant  cram-section 
body  with  length  and  mam  equivalent  to  the  actual  ship.  Experimental  roil  damping  was 
used  to  limit  the  predicted  roll  response  to  realistic  values. 

The  experimental  roll  damping  was  obtained  from  a model  whose  geometric  proportions 
were  similar  (but  not  identical)  to  thorn  of  Ships  D,  E,  and  F.  Model  motion  decay  experi- 
ments had  been  conducted  both  with  die  bare  hull  and  with  a variety  of  damping  devices 
such  ss  fixed  fins,  blisters*  near  the  waterline,  and  bilge  keels;  results  have  not  yet  been 
published.  Bilge  keels  resulted  in  the  largest  damping  increase  above  the  base  hull. 


*MMm  an  afpUm1  UM  to  Dm  ImB  tt/aav  tin  watariia*  to  tmemm  Um  mturias  booyapey  fora*  that  molt 
whoa  Um  kal  fe  UfMm  Mow  Its  ommNm. 
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The  measured  perccntur  increase  in  hull  damping  due  to  bilge  keels  was  then  used  to 
increase  the  bare  hull  SWATH  hull  damping.  In  determining  the  motions  of  a SWATH  with 
bilge  keds,  this  approach  considers  that  the  measured  damping  modifications  are  applicable 
to  Ships  D,  E,  and  F despite  differences  in  geometry,  that  is,  measured  damping  increases  1 

me  considered  to  be  physically  realizable  with  reasonable,  though  unspecified,  bilge  keels.  j 

The  predicted  roll  RAOs  are  considered  to  be  inaccurate  primarily  in  the  frequency  i 

range  where  resonance  occurs,  i.e„  inaccuracies  are  associated  with  the  damping.  However, 
since  the  RAOs  are  intended  for  use  in  predicting  roll  in  seas  whose  modal  periods  are  far 
removed  from  those  of  resonant  roil,  the  predicted  roll  it  considered  adequate  for  establishing 
a relative  ranking  of  the  various  ship  candidates.  | 

A similar  procedure  was  employed  to  predict  the  effect  of  bilge  keels  on  the  SWATH  ^ 

heave  responses  in  beam  seas  and  the  SWATH  pitch,  heave,  and  acceleration  responses  in 
head  seas. 

! 

j 

l 

CRITERIA  FOR  COMPARATIVE  PERFORMANCE 

The  assumption  was  made  that  the  consequences  of  excessive  relative  motions  at  section 
1^.  would  be  exactly  the  same  for  all  ship  types,  namely,  interruption  of  mission,  and  there- 
fore that  such  motions  constituted  a criterion  for  comparative  performance.  Mm 
specifically,  it  was  assumed  that  when  a particular  statistical  level*  of  relative  motions  ex- 
ceeded the  clearance  or  draft  of  the  ship  at  , the  mission  would  be  interrupted  by  keel 
emergence  or  slamming  and  deck  wetness  in  the  case  of  monohulls  and  by  cross-structure 
impacts  in  the  case  of  SWATHs.  Figure  2 was  prepared  to  demonstrate  the  plausibility  of 
this  assumption. 

All  response  predictions  were  made,  of  course,  by  assuming  linearity,  i.e.,  a I -foot  wave 
would  yield  one-third  of  the  response  of  a 3-foot  wave  of  identical  period.  The  applicability 
of  the  linearity  assumption  to  predict  the  magnitudes  of  extremes  of  responses  (e.g., 
occurrence  of  deck  wetness,  keel  emergence,  or  slamming)  is,  of  course,  highly  questionable. 

However,  it  was  considered  that  an  accurate,  relative  ranking  of  the  performance  of  the 
candidate  ships  could  be  established  in  terms  of  such  mission-interrupting  events  by  extending 
the  relative  motion  responses  linearily  to  the  draft  or  clearance  (freeboard). 

The  average  of  the  1/10  highest  single  amplitudes  of  relative  motion  was  selected  as  the 
criterion  for  exceeding  draft/clearance  because  this  measure  ensures  that  within  a practical 


* A vent*  of  the  1/10  h%hen  tingle  wnpNtwde  of  nintivr  notion  el  Lg.. 
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time  span  of  ship  operation  (e.g.,  30  minutes)  a motion  cycle  will  be  sufTkiently  severe  so 
that  either  disruptive  mission-interrupting  slam  mine  or  deck  wetness  results.  The  greater 
precision  attainable  by  specifying  extreme  response  levels  inherent  in  the  use  of  such  con- 
cepts as  threshold  velocities  for  slamming  or  variations  in  the  statistical  motion  level  (e.g., 
the  average  of  the  1/3  highest  or  some  other  level)  is  not  warranted.  Neither  the  response 
characteristics  at  these  nonlinear  ranges  nor  the  specific  consequences  of  exceeding  particular 
relative  motions  is  known  for  the  different  ship  types.  Moreover,  it  is  emphasized  that 
these  specific  in-transit  ship  response  criteria  were  selected  in  order  to  achieve  a fair,  accurate 
ranking  of  the  candidate  ships  during  this  feasibility  design  stage.  However,  to  resolve  the 
aforementioned  limitations  of  the  predictions  and  to  examine  ship  behavior  under  survival 
conditions,  it  will  be  necessary  to  conduct  model  experiments  for  two  candidates  that  our 
predictions  indicate  are  best  suited  as  Navy  work  boats. 

CALCULATION  OF  RELATIVE  ROW  MOTIONS 
IN  TIME  DOMAIN 

The  calculation  of  relative  bow  motion  was  based  on  the  difference  between  the  wave  at 
the  longitudinal  location  L(.  and  the  absolute  motion  of  the  ship  at  that  location.  No 
correction  was  included  in  the  calculation  for  trim  or  sinkage  due  to  forward  speed;  these 
factors  have  insufficient  impact  on  the  accuracy  of  the  calculations  to  alter  the  relative  rank- 
ing of  the  different  ship  candidates.  A precise  definition  of  the  relative  bow  motion  calcu- 
lation is  given  in  Appendix  A 

It  should  be  noted  that  the  prediction  for  relative  bow  motion  is  made  in  the  time  domain 
developed  from  the  spectral  representation  of  the  sea.  Each  relevant  sea  condition  was  con- 
verted3**  from  the  frequency  domain  into  the  time  domain  for  every  modal  period  wave 
spectrum  by  decomposing  the  wave  spectrum  into  about  100  evenly  spaced  (in  frequency) 
sine  waves  whose  amplitudes  are  related  to  the  ordinates  of  the  modeled  wave  spectrum. 
Random  phases  were  assigned  by  means  of  a random  number  generator  to  each  of  the  1 00 
component  frequencies.  The  wave  at  Lj,  was  obtained  from  the  wave  at  the  origin  by  shift- 
ing the  phase  of  each  sine  wave  by  the  product  of  the  wave  number  and  the  distance  ; ( | . 
Figure  A.  I of  Appendix  A illustrates  the  relative  locations  of  the  waves  and  presents  a simple 
summary  of  how  the  various  component  time  histories  were  combined  to  yield  the  relative 
bow  motion. 

The  pitch  and  heave  RAOs  were  defined  with  an  interpolation  routine  for  exactly  the 
same  frequencies  as  the  components  of  the  wave  spectrum.  The  product  of  the  sine  wave 
components  of  the  wave,  the  response  at  the  appropriate  frequencies,  and  the  appropriate 
phases  were  summed  for  all  frequencies  to  yield  the  resultant  time  histories.  The  appropriate 
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phase  at  each  frequency  was  defined  as  the  sum  of  the  random  phase  and  the  phaae 
associated  with  the  particular  response.  This  procedure  of  time-history  feneration  which 
associates  the  random  phases  with  the  wave  time  history  thus  made  it  possible  to  expose  all 
candidate  ships  to  exactly  the  same  wave  time  history. 

After  the  component  time  histories  of  the  absolute  motion  at  L^.  had  been  generated, 
the  absolute  motion  time  history  at  Lf  was  obtained  simply  from  the  sum  of  the  heave  time 
history  and  the  product  of  £ times  the  pitch  time  history;  see  Fifure  A.I.  Finally,  the 
relative  bow  motion  at  1^  was  obtained  by  subtracting  the  wave  at  1^.  from  the  abso- 
lute motion  at  Lg.  These  arithmetic  operations  were  performed  for  each  instant  in  time. 


PRESENTATION  OF  RESULTS 

The  various  ship  and  sea  conditions  for  which  predictions  are  made  have  been  summarized 
in  Figure  6. 

Tabulated  results  (Tables  4-11)  were  utilized  to  prepare  three  basic  groups  of  graphs 
(Figures  8~  1 2). 

The  first  group  presents  ship  responses  at  various  modal  period  seas  for  significant  wave 
heights  of  1 foot  (Figures  8 and  9)  and  6 feet  (Figure  10). 

The  second  group  (Figures  1 la  and  1 lb)  presents  the  significant  wave  height  level  at 
which  mission-interrupting  events  are  expected  from  linear  ship  motion  theory  (see  the  dis- 
cussion of  linearity  given  in  the  section  on  criteria  for  comparative  performance).  Thus  these 
figures  enable  a simple  ranking  of  the  candidates  in  terms  of  the  seas  which  limit  their  in- 
transit operating  mode.  The  higher  the  limiting  sea  state,  the  more  capable  the  ship  is 
to  fulfill  the  defined  mission. 

The  third  group  (Figures  1 2a  and  1 2b)  presents  the  results  of  the  time  domain  repre- 
sentation of  ship  responses.  The  actual  number  of  times  that  the  relative  motions  are  expected 
to  exceed  either  the  draft  at  location  Lc  or  the  freeboard  or  cross-structure  clearance  was 
calculated  by  a level  crossing  subroutine  in  the  time-history-generating  computer  program.  It 
was  considered  appropriate  to  perform  these  calculations  at  the  average  yearly  significant 
wave  height  that  typifies  the  intended  work  site  area. 17 

The  basic  graphical  format  is  identical  for  all  three  groups  of  figures  and  was  developed 
to  facilitate  a visual  comparison  of  the  different  ship  types.  Thus  each  figure  consists  of  at 
least  three  graphical  frames,  one  for  each  basic  ship  type  (monohull,  SWATH,  and  column- 
stabilized  catamaran).  Response  magnitudes  of  each  ship  are  plotted  as  vertical  lines  at  each 
of  the  four  modal  wave  periods.  Thus  variations  in  the  response  of  each  ship  due  to  the 
variations  in  the  modal  period,  or-equivalently-the  harmonic  content  of  the  sea,  are  pre- 
sented as  a cluster  of  four  vertical  lines  representing  from  left  to  right  the  response  in  the  6-, 

8-,  10-,  and  14-second  modal  periods. 
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Although  the  tables  present  the  results  in  RMS  form  in  a sea  with  a Moot  signifi- 
cant wave  height  the  first  group  of  figures  presents  the  results  in  terms  of  significant  single- 
amplitude responses.  These  are  equal  to  twice  the  RMS  values  and  were  selected  for 
presentation  because  these  statistical  response  levels  are  generally  considered  representative  of 
the  responses  experienced  or  noted  by  the  crew  of  Ship  A.  It  has  been  found  that  ship 
operators  generally  quote  angular  motions  as  single  amplitudes  and  translational  responses, 
such  as  heave,  as  double  amplitudes.  The  statistical  constants  which  relate  the  RMS  responses 
to  particular  statistical  response  levels  such  as  the  average,  the  average  of  I /3  highest  or  sig- 
nificant. or  the  highest  expected  response  in  N amplitudes  are  given  in  Table  2. 


RESPONSES  PER  UNIT  SIGNIFICANT 
WAVE  HEIGHT 

Figure  8a  presents  the  significant  angle-amplitude  pitch  and  heave  responses  for  the 
various  candidate  ships  operating  in  head  seas  at  0 knots.  It  is  quite  evident  that  Ship  F (the 
170-foot.  1032-ton,  column  stabilized  catamaran)  generally  has  the  worst  pitch  motions  of 
any  candidate  for  the  new  workhoat.  In  fact,  its  motions  are  expected  to  he  nearly  as 
bad  as  those  of  the  presently  employed  Ship  A.  which  is  very  much  smaller  ( 85-foot.  74-ton 
hardchine  torpedo  retriever  boat).  However,  once  the  column-stabilized  catamaran  has 
ballasted  down  (Ship  G>  to  become  essentially  transparent  to  the  seas,  it  will  have  essentially 
the  lowest  pitch  responses.  This  clearly  demonstrates  the  virtue  of  the  dual-operation  mode. 

Pitch  responses  for  the  monohulls  (Ships  B and  C)  will  not  have  the  undesirably  sharp 
increases  in  the  vicinity  of  their  pitch  resonance  exhibited  by  the  small  or  low  waterplane 
candidates  (Ships  D,  E,  and  G).  Such  behavior  is  one  of  the  greatest  potential  shortcomings 
of  SWATH.  However,  its  practical  importance  can  be  negligible  provided  this  pitch  resonance 
condition  can  be  avoided.  For  example,  assuming  that  operational  requirements  during  the 
stationkeeping  portion  of  the  mission  allow  such  action,  the  SWATH  can  avoid  pitch 
resonance  by  altering  its  encounter  frequency  through  slight  speed  or  heading  changes.  Note 
that  Ship  E ( 1 7. 4-second  pitch  resonance  period)  is  clearly  superior  to  Ship  D (comparable 
period  of  12.5  seconds)  because  it  entirely  avoids  the  problem  of  large  responses  in  swell 
during  stationkeeping.  Local  sea  data  for  the  workboat  operating  site  indicate  that  17.4- 
second  swells  do  not  occur  with  practical  frequency.  The  difference  in  pitch  response  levels 
for  these  two  designs  indicate  the  control  that  the  feasibility  ship  designer  can  exert. 
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Salveaen10  has  given  a far  more  comprehensive  discussion  of  the  comparative  seakeeping 
qualities  of  monohuiis  and  SWATHs;  see  Sections  IVb  and  c of  his  paper  for  an  explanation 
of  the  differences. 

(Because  the  undesirable  nature  of  such  sharply  tuned  behavior  has  been  amply  demon- 
strated by  recent  Navy  experience  with  an  oceangoing  catamaran,  the  effectiveness  of 
passive  damping  devices,  such  as  bilge  keels,  for  this  mode  of  operation  was  included  in  the 
present  study.  This  aspect  is  covered  in  a later  section  of  the  report.! 

Heave  responses  at  zero  speed  are  quite  good  for  the  various  monohulls;  only  the  sub- 
merged column-stabilized  catamaran  (Ship  G)  can  be  expected  to  have  lower  heave  responses. 
The  two  SWATH  candidates  will  have  the  highest  heave  responses. 

At  design  speeds  (Figure  8b).  the  SWATHs  showed  the  lowest  pitch  of  the  candidates 
and  the  column-stabilized  catamaran  (Ship  F)  the  wont  pilch.  In  fact,  at  design  speed.  Ship 
F has  the  wont  pitch  and  heave  of  all  candidates.  Thus  if  the  comparison  is  strictly  on  the 
basis  of  these  motions  rather  than  their  consequences.  Ship  F is  clearly  the  least  attractive 
candidate  in  its  present  configuration,  even  the  small  current  work  boat  (Ship  A I has  lower 
ship  responses.  These  particular  points  are  emphasized  with  reference  to  Ship  F motion 
responaes  because  they  illustrate  the  care  that  the  feasibility  designer  must  exercise  to 
ensure  that  the  consequences  of  such  motions  do  not  result  in  unacceptable  mission-limiting 
events.  Weight  or  displacement  allowances  and  ballast  pumping  capacity  must  clearly  he 
tightly  controlled  in  order  to  avoid  a critical  loss  of  clearance  between  the  cross  structure 
and  the  water  surface. 

Significant  differences  in  the  motion  response  levels  between  the  15-  and  20-knot 
SWATHs  were  again  evident  at  the  design  speed.  These  results  demonstrate  clearly  that  sub- 
stantial differences  in  the  responses  of  different  SWATH  ships  are  possible  with  relatively 
Minor  basic  alterations.  Ship  E (the  20-knot  SWATH)  is  considered  superior  to  Ship  D (the 
15-knot  SWATH)  so  far  as  heave  and  pitch  responses  are  concerned,  both  during  the  station- 
keeping and  in-transit  operatin’  nodes. 

Other  measures  of  seakeeping  performance  of  the  various  candidates  at  zero  speed 
emphasize  the  consequences  of  large  SWATH  heave  motions.  As  shown  in  Figure  Qa.  Ships 
D and  E definitely  have  the  largest  relative  bow  motions  at  section  Lr  of  all  the  candidates. 
Monohulls  have  the  lowest  relative  bow  motions,  and  the  smallest  monohull  (Ship  A)  has 
the  lowest  of  all.  Thus,  the  monohulls  are  superior  for  such  tasks  as  launching  and  retrieving 
buoys  and  for  similar  work  which  requires  low  relative  motions.  Using  the  criterion  of 
relative  motions  at  zero  speed,  the  ranking  in  order  of  decreasing  effectiveness  is  Ship  A.B. 
C.E,  and  D. 


20S*h**en.  N„  “A  Note  on  the  Scnkrepinf  Charset cnittci  of  Small- Walcrptue  Aiea-Twm  HaB  Ship*."  Advtncr  Manor 
VMudei  Meeting,  Aonupobt.  Maryland;  I.  Hydromechanics,  VoL  7,  No.  I.  pp.  3 10  (Jan  1973). 
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When  the  vertical  acceleration  levels  at  three  typical  longitudinal  positions  on  the  decks 
of  the  variant  ihipt  are  considered  (sec  Figures  4 and  9al.  the  mcnohwlh  are  very  similar  to 
the  SWATHt,  except  that  Ship  E is  notably  better  than  the  others.  The  ranking  is  Ship  E. 

C.  D.  B.  A.  and  F.  Vertical  accelerations  are  generally  lower  over  wider  or  larger  deck 
areas  than  over  the  longer  but  nmow  decks  of  monohulls.  However,  none  of  the  acceleration 
levels  appears  to  be  objectionably  high. 

A similar  acceleration  comparison  at  design  speeds  < Figure  9b)  however,  demonstrates 
the  dear  superiority  of  the  SWATH*  over  the  tnonohuih  during  the  in-transit  operation 
mode.  This  is  particularly  noticeable  for  the  column-stabilised  catamaran.  Ship  F.  Ranking 
for  the  ships  is  E.  D.  B.  C.  A.  and  finally  F.  The  differences  between  the  in-transit 
acceleration  response  levels  of  the  SWATHs,  monohulls,  and  the  catamaran  art  on  the  order 
of  factors  of  2 or  greater  and  are  important.  Significant  vertical  accelerations  which  exceed 
the  0.2-  to  0.25-g  level  tend  to  became  somewhat  uncomfortable.  Thus,  in  average  6-foot- 
high  seas,  the  SWATH  acceleration  levels  would  be  below  these  levels,  the  monohull 
accelerations  would  fall  at  the  beginning  of  the  uncumforaMc  range,  and  the  catamaran 
accelerations  would  substantially  exceed  this  uncomforabte  range.  Should  Ship  F avoid  these 
uncomfortable  accelerations  by  ballasting  down  to  became  Ship  G.  the  rather  low  maximum 
speed  of  5 knots  would  strongly  penalize  this  candidate. 

The  comparison  of  rehtive  motions  during  the  in-transit  operation  mode  indicates  that 
Ship  F has  the  largest  responses  and  that  the  SWATH  and  monohull  candidates  have  lower 
but  quite  similar  responses.  On  the  basis  of  the  combined  results,  it  is  concluded  that  in  its 
present  form,  the  column-stabilized  catamaran*  is  the  least  desiraNe  of  the  three  basic  types 
of  ships  under  consideration. 

To  provide  an  additional  seakeeping  comparison  between  the  different  ship  candidates, 
their  absolute  and  relative  bow  motions  are  presented  for  average  6-foot  seas  at  speeds 
ranging  from  0 to  design  speed  (see  Figure  10).  The  absolute  bow  motions  are  comparable 
for  the  monohulls  represented  by  Ships  B and  C.  It  is  noteworthy,  however,  that  for  these 
6-foot  significant  seas,  there  is  no  noticeable  reduction  in  bow  motion  with  increase  in 
monohull  size.  Thus,  even  the  largest  74 1 -ton.  20-knot  monohull  experiences  esMrntially  the 
same  absolute  bow  motions  as  the  presently  employed  74-ton,  20-knot  hard-chine  boat. 


Ims*  (ms(n  foloflk  type  WlgM  oa  the  T-AGOX  aad  lilt  ASX-21  and  -22  MR  to  b*  MMaXad  oa  the  pmaat  Ship 
F/G  daWpc  That*  *oaW  of  cows*  ha  » diaa  paaahy  aaodatad  with  aach  a Modi  ftri  tana  bat  tha  should  aM  b*  sanoaa. 
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When  comparing  the  absolute  bow  motions  or  the  monohulls  and  the  SWATH  candidates 
at  0 and  5 knots,  it  becomes  evident  that  the  monohulls  are  equal  to  or  better  than  the 
SWATWs  at  these  low  speeds.  The  column-stabilized  catamaran  in  the  submerged  condition 
(Ship  C),  however,  has  the  lowest  absolute  how  motion.  It  is  quite  evident  from  these 
results  that  the  trends  of  the  absolute  how  motions  with  forward  speed  are  substantially 
different  for  the  ship  types.  Bow  motions  of  monohulls  tend  to  increase  very  slightly  with 
increasing  forward  speed,  those  for  the  catamaran  in  the  surfaced  condition  (Ship  F)  increase 
quite  strongly  with  forward  speed,  and  those  of  the  SWATHs  actually  decrease  with  increasing 
forward  speed. 

The  different  ship  types  also  have  different  trends  of  relative  motion  with  speed. 

Relative  moti<*ns  of  monohulls  are  quite  low  at  zero  speed  and  increase  somewhat  more  than 
the  absolute  motions  with  increasing  speed.  Relative  bow  motions  for  the  catamaran  also 
strongly  increase  with  increasing  speed,  and  those  for  SWATHs  decrease  very  slightly  with 
forward  speed.  This  behavior  of  the  SWATHs  is  regarded  as  quite  favorable  from  the  sea- 
keeping point  of  view.  The  trend  suggests  that  if  a SWATH  is  satisfactory  at  zero  speed, 
then  it  will  be  satisfactory  during  the  in-transit  condition. 

Thus  a fundamental  difference  in  the  seakeeping  performance  characteristics  of  SWATHs 
(Ships  D,  F,  (i)  on  the  one  hand  and  monohulls  and  catamarans  (Ships  A.  B.  C.  F)  on  the 
other  hand  is  their  basic  response  witli  speed.  This  trend  was  also  noted  by  Salvesen.20  To 
case  ship  responses  in  severe  seas,  monohulls  and  catamarans  must  slow  down  but  apparently 
SWATHs  must  increase  speed.  (Seven*  seas  are  regarded  here  as  seas  which  produce  responses 
that  threaten  ship  survival.) 

It  should  he  noted  that  even  though  absolute  motions  and  accelerations  arc  important 
in  determining  the  comfort  level  on  board  ship,  once  relative  motions  exceed  specific  values, 
they  produce  mission-interrupting  impacts  or  deck  wetness.  This  consideration  is  equally 
important  especially  during  the  in-transit  operating  mode. 

If  the  mission  of  these  ships  is  to  include  extended  operations  in  the  open  ocean  with- 
out retreating  to  a nearby  harbor,  their  survival  characteristics  must  be  examined.  This 
would  require  model  experiments  to  investigate  ship  responses  in  severe  seas  at  both  zero 
and  design  speeds. 

If.  on  the  other  hand,  the  ships  arc  to  be  deployed  in  the  open  ocean  with  the  option 
to  retreat  from  extreme  sea  condi * ons,  then  only  zero  speed  model  experiments  between 
the  last  two  basic  ship  types  arc  indicated. 

It  is  again  concluded  at  this  point  that  in  its  present  configuration,  the  column-stabilized 
ship  is  the  worst  of  the  three  basic  types  investigated.  It  should  V noted,  however,  that 
this  ship  apparently  has  the  best  survival  capabilities  of  all.  For  comparative  purposes,  the 
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results  for  Ships  F and  G will  continue  to  be  presented,  but  this  ship  candidate  is  considered 
as  essentially  eliminated  from  the  competition. 

The  following  section  will  compare  the  candidate  ships  on  the  basis  of  their  in*transit 
performance  limits. 


CRITICAL  SIGNIFICANT  WAVE  HEIGHTS 
FOR  SLAMMING  OR  DECK  WETNESS 

The  significant  wave  height  at  which  mission  is  disrupted  by  slamming,  deck  wetness, 
or  cross-structure  impacts  is  considered  a fair  measure  of  the  seaway  performance  of  the 
different  ship  types.  This  critical  wave  height  thus  represents  the  limits  of  ship  performance 
in  realistic  seas.  In  waves  much  higher  than  those  predicted  by  our  linear  theory,  all 
ships  are  expected  to  encounter  such  severe  disruptions  that  alterations  in  ship  course  and / 
or  speed  become  mandatory.  Inherent  in  our  approach  is  the  assumption  of  accuracy  in 
the  relative  ranking  of  ships  by  means  of  their  critical  wave  heights.  Model  experiments  in 
extreme  waves  are  recommended  to  verify  this  assumption  for  the  best  two  candidate 
ship  types. 

Figure  1 la  presents  the  influence  of  speed  and  modal  sea  period  on  the  actual  wave 
height  that  cancels  operation  because  of  bow  emergence,  i.e..  slamming.  The  higher  this 
wave  height,  the  better  the  candidate  ship  is  in  both  the  in-transit  and  stationkeeping  modes. 

For  the  sake  of  convenience,  sea  states  are  indicated  on  the  right-hand  side  of  the 
graphs.  As  in  the  earlier  figures,  the  vertical  lines  represent  the  critical  significant  wave 
heights.  The  dashed  portion  of  the  vertical  lines  represent  wave  height  conditions  at  the 
particular  modal  periods  that  are  very  steep;  these  are  exceedingly  rare  and  tend  to  occur 
only  in  land-locked  bodies  of  water.14-15 

These  results  indicate  that  in  average  6-foot  seas,  none  of  the  candidate  vehicles  will 
encounter  mission-limiting  keel  emergence  during  stationkeeping.  As  expected  from  the 
relative  motion  data  of  the  previous  figures,  the  monohulls  (Ships  B and  C)  are  essentially 
equal  to  the  SWATHs  (Ships  D and  E)  so  far  as  these  seaway  performance  limits  are  con- 
cerned. The  small,  presently  used  monohull  (Ship  A)  is  essentially  the  worst  from  this  view- 
point because  if  its  performance  in  local-wind-generated.  6-second  modal  period  seas. 

At  design  speeds,  the  SWATH  ships  are  superior  to  the  monohull  candidates  so  far  as 
mission-limiting  keel  emergence  is  concerned.  The  20-knot  SWATH  (Ship  E)  appears  to  be 
the  best  and  the  column-stabilized  catamaran  (Ship  F)  the  worst  of  the  candidates  unless 
the  large  speed  loss  inherent  in  its  operation  as  Ship  G is  accepted  without  penalty. 
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This  ranking  alters  somewhat  when  the  ships  are  compared  in  terms  of  when  their 
relative  bow  motions  will  exceed  freeboard  or  crosa-structunl  clearance;  see  Figure  i lb. 
During  the  stationkeeping  and  in- transit  operating  modes,  the  monohulls  are  substantially 
superior  to  the  other  candidates.  However,  none  of  the  ships  is  really  unsatisfactory  since 
all  can  operate  in  seas  up  to  State  4,  i.e.,  seas  which  occur  the  majority  of  the  time.  It  must 
be  noted  that  as  far  as  the  wave  height  indicated  for  Ship  F is  concerned,  this  is  the  height  at 
which  deck  wetness  of  the  lower  catamaran  hulls  occurs  at  section  Lc . This  is  not  con- 
sidered to  be  a condition  which  limits  the  operation  of  the  ship.  Ship  responses  which  result 
in  relative  motions  greater  than  this  lower  hull  freeboard  are  inaccurate  because  the  RAO 
computer  programs  assume  that  the  basic  above-water  hull  form  is  wall-sided.  Thus  relative 
bow  motions  are  inaccurate,  that  is,  computer  predictions  are  larger  than  would  be  expected 
from  model/full-scale  experiments. 

The  ranking  established  by  these  performance-limiting  wave  heights  tends  to  favor  the 
monohulls  for  most  combinations  of  performance  measures  and  operating  mode.  The  SWATH 
ships,  however,  have  better  in-transit  performance  both  because  they  have  lower  in-transit 
accelerations  and  higher  in-transit  sea  state  capabilities.  In  other  words,  they  can  operate  in 
higher  seas  for  a given  motion  or  acceleration  response  level.  Based  on  the  above  con- 
siderations, Ship  E is  considered  to  be  the  ship  with  the  best  seakeeping  characteristics. 

Before  we  proceed  to  the  time  domain  results,  it  should  be  noted  that  the  above  ranking 
of  the  candidate  ships  was  obtained  by  equally  weighting  the  responses  at  each  modal  wave 
period.  This  is  not  entirely  realistic,  of  course,  but  ranking  made  on  the  basis  of  responses 
weighed  by  the  frequency  of  occurrence  of  the  particular  modal  period  is  beyond  the  scope 
of  this  limited  project.  It  is  recommended  that  such  ranking  be  performed  once  the  candidate 
ship  type  has  been  selected. 


TIME  DOMAIN  RESULTS  FOR  SLAMMING 
AND  DECK  WETNESS 

The  number  of  times  that  relative  motions  can  be  expected  to  exceed  either  the  draft  at 
location  Lc  (see  Figures  I,  2)  or  the  available  freeboard  cross-structure  clearance  was  calcu- 
lated from  the  relative  motion  time  histories  for  all  ships.  These  head  sea  events  were  calcu- 
lated for  the  yearly  average  seas  with  6-foot  significant  wave  height  (see  Reference  1 7). 

Figure  1 2a  indicates  the  likelihood  that  draft  will  be  exceeded  or  that  slamming  will 
occur.  The  vertical  lines  represent  the  number  of  times  that  relative  bow  motions  will 
exceed  the  draft  at  Lc  for  the  various  ships.  It  is  evident  from  these  results  that  only  the 
small,  presently  employed  work  boat  should  experience  difficulties  in  transiting  6-foot  seas  to 
the  work  site.  Ship  G,  of  course,  also  shows  some  keel  emergences  in  these  relatively  mild 


seas. 


19 


Wi'-wiBagsSSrsaS*' ' "TT" 


Similar  information  on  the  likelihood  of  deck  wetneat  is  presented  in  Figure  1 2b.  The 
extent  of  such  wetness  for  the  individual  catamaran  hulls  is  not  considered  to  represent 
operational  difficulties  for  Ship  F.  The  presently  used  work  boat  (Ship  A)  appears  to  have 
some  minor  deck  wetness  at  the  transiting  speeds.  Again,  all  other  ships  are  not  likely  to 
encounter  deck  wetness  difficulties  in  these  typical  seas. 

In  die  absence  of  reliable  information  on  the  levels  of  ship  response  that  hinder  work- 
boat  operation  while  in  the  stationkeeping  mode,  it  is  impossible  to  establish  a comparison  of 
the  percentage  and  number  of  times  that  the  individual  ship  candidates  will  exceed  such 
values.  It  is  recommended  that  operators  of  the  present  Navy  workboat  be  questioned  ( 1)  as 
to  what  specific  levels*  of  ship  responses  and  (2)  what  particular  ship  responses  most  hinder 
their  work  while  on  station.  Once  such  values  are  given,  the  productivity  of  the  different 
workboat  candidates  can  be  readily  established  from  the  available  stored  time  histories  of 
ship  response. 


INFLUENCE  OF  DAMPING  DEVICES  ON 
SWATH  RESPONSES  IN  HEAD  SEAS 

The  zero  speed  pitch  response  of  the  SWATHs,  especially  Ship  D,  was  regarded  as 
potentially  unsatisfactory  because  of  the  sharp  increase  in  pitch  as  the  modal  sea  period 
approached  the  natural  pitch  period.  This  pitch  behavior  near  resonance  is  of  concern  not 
only  because  the  zero  speed  behavior  is  potentially  unsatisfactory  but  also  because  it 
suggests  large  pitch  responses  in  sea  conditions  which  contain  sufficient  energy  low  fre- 
quencies near  pitch  resonance.  Thus,  the  SWATH  might  incur  very  large  pitch  responses 
both  in  quartering  and  following  seas  at  speeds  which  result  in  low  frequencies  of  encounter 
as  well  as  in  swell.  These  large  motions  may  unnecessarily  limit  the  operational  ship  speed/ 
heading. 

Active  fins  would  not  be  expected  to  provide  sufficient  pitch  moment  at  zero  speed  to 
adequately  reduce  the  potentially  unsatisfactory  pitch  at  resonance.  At  forward  speed,  of 
course,  active  fins  can  successfully  limit  the  near-resonance  motion  behavior  of  SWATHs,  as 
has  been  demonstrated  with  the  U.S.  Navy  Semisubmerged  Platform  (SSP).  The  pitch  and 
roll  excitation  moments  are  presented  in  Appendix  B together  with  the  heave  excitation 
force  per  unit  of  wave  height  to  enable  estimates  of  comparative  fin  sizes. 


*Sudt  at  k 5 desreei  of  roll,  ± J feet  of  relative  bow  motion,  etc. 
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At  any  rate,  active*  fins  are  obviously  a costly  last  resort  and  the  addition  of  large  bilge 
keels  was  considered  to  be  the  most  practical  method  of  modifying  the  zero-speed,  near- 
resonance pitch.  The  effect  of  tire  additional  damping  on  both  pitch  and  heave  was 
determined  by  recalculating  the  zero-speed  pitch  and  heave  in  head  seas.  This  recalculation 
was  made  by  increasing  the  original  bare  f ull  damping  coefficients  by  the  same  percent 
(percentage  baaed  on  bare  hull  values)  obtained  from  the  measured  damping  increase  due  to 
large  bilge  keels.  The  damping  experiments  are  briefly  outlined  in  the  section  on  calculation 
of  roll. 

The  results  of  the  recalculation  are  indicated  in  Table  7 which  presents  results  for  the 
l$-knot  SWATH  (Ship  D)  with  and  without  bilge  keels.  In  comparing  the  results  with  and 
without  bilge  keels,  it  must  be  recalled  that  these  passive  damping  modifications  are  expected 
to  influence  responses  only  in  the  vicinity  of  resonance,  i.e.,  in  the  area  where  the  dynamic 
behavior  of  die  SWATH  is  potentially  unsatisfactory.  A comparison  of  the  pitch,  heave,  and 
vertical  accelerations  at  the  CG  and -equally  important— the  relative  bow  motion  at  section 
Lj.  indicates  quite  dearly  that  substantial  motions  occur  near  resonance,  i.e.,  the  10*  and  14- 
second  modal  periods.  More  specifically,  compared  to  base  hull  values,  bilge  keels  provided  a 
23-33  percent  reduction  in  pitch,  a 5-10  percent  reduction  in  heave,  a 12-percent  reduction 
in  vertical  accelerations  at  die  CG,  and  a 6-22  percent  reduction  in  relative  bow  motions. 
Clearly,  the  addition  of  large  bilge  keels  can  be  expected  to  substantially  improve  die  near- 
resonance  motion  (pitch)  of  SWATH  Ship  D.  In  fact,  results  suggest  that  die  low-frequency, 
near-resonance  motion  responses  may  be  satisfactorily  controlled  by  means  of  passive  damp- 
ing devices. 


NKPUMNCE  OP  MUX  KEELS  ON  SHIP 

Since  Ship  A,  the  presently  employed  workbost,  is  known  to  have  less  than  satisfactory 
roil  motion  characteristics  at  low  speeds,  it  was  considered  appropriate  to  evaluate  the  roll 
responses  of  the  different  candidate  ships  in  beam  seas.  The  monohull  candidates  were 
therefore  evaluated  with  and  without  bilge  keek.  However,  responses  of  the  SWATH  ships 
and  the  column-stabilized  catamaran  in  the  surfaced  condition  (i.e.,  as  Ship  F)  were 


‘Automatically  controlled  nidi  as  antfroU  fins. 
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calculated  only  with  bilae  keels;  it  was  considered  that  the  accuracy  with  which  the  efTect  of 
bilge  keels  could  be  predicted  was  too  low  to  be  of  value  for  these  types.  The  procedures 
employed  have  been  briefly  discussed  in  the  section  on  calculation  of  roll.  These  calculations 
were  not  performed  for  Ship  G because  roll  may  be  expected  to  be  very  small  for  this  ship; 
moreover,  it  seems  unlikely  that  it  can  be  considered  as  a serious  candidate  for  the  PMR 
workboat. 

Results  of  these  zero-speed,  beam-sea  calculations  are  presented  in  Table  1 1 in  terms  of 
RMS  responses  in  waves  with  a 6-foot  significant  height.  Both  RMS  acceleration  and  roll 
values  were  calculated;  these  may  be  converted  to  significant  values  by  multiplying  them 
by  two. 

It  is  emphasized  that  significant  improvements  in  ship  responses  can  be  expected  only 
in  seas  whose  modal  periods  approach  resonance.  It  is  evident  that  despite  the  improvement 
(16  to  17  percent)  in  monohull  roll  achieved  near  resonance,  the  SWATH  roll  is  still  less  by 
an  order  of  magnitude.  Their  superior  behavior  in  roll  and  their  lower  acceleration  levels 
should  make  the  SWATHs  better  workboat  candidates  than  are  monohulls.  This  conclusion 
is  premised  on  the  belief  that  the  difference  in  payload  growth  potential  between  the  SWATHs 
and  monohulls  is  not  very  important.  In  other  words,  the  SWATHs  are  likely  to  be  better 
workboats  if  they  are  not  forced  to  carry  payloads  significantly  greater  than  allowed  for  in 
the  design. 

On  the  basis  of  the  foregoing  seakeeping  evaluations,  the  20-knot  SWATH  is  considered 
to  be  the  best  of  the  ship  candidates.  Economic  factors,  of  course,  did  not  enter  into  the 
seakeeping  evaluation. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  behavior  of  the  candidate  ships  in  waves  up  to  6 feet  high  is  of  primary  importance 
in  establishing  comparative  seaway  performance.  Consequently,  their  survival  capabilities  were 
not  examined  to  any  significant  extent.  The  following  conclusions  are  based  on  considerations 
of  the  environment  of  the  intended  worksite  area. 

1.  SWATHs  are  better  workboat  candidates  than  monohulls  from  the  seakeeping  point 
of  view. 

2.  In  its  present  stage  of  development,  the  column-stabilized  catamaran  is  the  worst 
workboat  candidate  even  though  its  survival  capability  appears  to  be  the  best  of  all. 

3.  The  20-knot  SWATH  is  substantially  better  than  the  1 5-knot  SWATH  primarily  be- 
cause of  its  superior  in-transit  performance  in  various  sea  conditions  and  its  superior  roll 
performance  at  low  speed. 
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4.  Monohulls  have  substantially  better  relative  motions  at  low  stationkeeping  speeds 
than  do  SWATHs  and  thus  aic  better  suited  for  launch/retrieval  of  floating  objects  at  mini- 
mum roll  headings. 

The  following  specific  recommendations  are  made: 

1.  If  a preliminary  design  of  the  best  two  candidate  workboats  is  intended,  then  either 
Ships  E and  C or  Ships  D and  E should  be  examined  as  the  final  two  candidates. 

2.  The  final  two  candidates  should  be  evaluated  in  competitive  model  experiments. 

3.  This  experimental  evaluation  should  include  (a)  comparison  of  the  candidates  at 
zero  speed  in  moderate  head,  bow,  and  beam  seas  (stationkeeping):  (b)  establishment  of 
SWATH  behavior  in  moderate  quartering  and  following  seas  (low  encounter  periods);  and 
(c)  the  survival  characteristics  of  the  candidates  should  be  determined  if  the  work  boat  must 
accomplish  its  mission  in  the  open  ocean  without  an  option  of  returning  to  harbor  in  severe 
seas. 

4.  The  load-carrying  capacity  of  the  SWATH  should  be  improved  by  incorporating  some 
of  the  pumping/ballasting  features  inherent  in  Ship  F/G. 

5.  The  use  of  large  damping  devices,  such  as  bilge  keels,  is  also  recommended  as  an 
integral  initial  part  of  the  preliminary  SWATH  ship  design. 
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AFFENOIX  A 


DEFINITION  OF  RELATIVE  ROW  MOTION 

Relative  bow  motion  (RBM)  is  defined  as  the  difference  between  the  absolute  motion 
VK  and  the  wave  rc  at  some  point  (1^  or  X,)  on  the  ship;  see  Figure  A.l  and  Figure  2. 

RBMg  is  calculated  on  the  centerline  of  the  ship  with  no  allowances  for  trim  and  sink  age. 
Their  neglect  is  not  considered  significant  because  both  are  small  (trim  less  than  1 foot  and 
sinkage  less  than  I degree)  for  the  monohulls  at  the  low,  stationkeeping  speeds  considered. 
Trim  and  sinkage  increase  with  increasing  ship  speed  and  are  most  severe  for  the  monohulb, 
particularly  Ship  A,  the  smallest.  Even  though  trim  and  sinkage  may  exceed  their  station- 
keeping values  at  design  speeds,  the  values  are  still  considered  small  enough  so  that  the  relative 
ranking  of  these  ships  is  not  affected.  It  may  be  assumed  that  at  0 and  5 knots,  the  SWATHs 
would  operate  at  zero  trim  and  sinkage  and  that  at  the  higher  speeds,  the  active  or  semiactive 
fins  would  maintain  zero  trim  and  only  a slight  sinkage  or  rise. 

Figure  A.l  presents  a graphical  definition  of  the  relative  bow  motion  and  Figure  A.2 
summarizes  the  various  motion  components  used  to  calculate  the  RBM.  It  may  be  seen  that 
RBM  is  constructed  from  the  wave  at  the  origin  rQ.  This  value  and  those  for  heave  and  pitch 
motion  of  the  ship  at  the  origin  were  obtained  by  summing  100  component  sine  waves  of 
amplitude  r0k  and  with  phase  7k,  that  is. 


eHwEf7k> 


(1) 


where  u>c  = cc  — V cos  u 

g 

w = circular  frequency  of  the  wave 
V * ship  speed 
g - gravity 

ji  * ship  heading  relative  to  wave 

The  amplitudes  of  the  component  waves  are  modeled  in  accordance  with  the 
Bretschneider  wave  spectrum  S^(w)  defined  at  100  discrete  frequencies,  i.e.,  u>k’s.  In  other 
words,  r0k  is  the  mean  square  wave  amplitude  over  the  frequency  interval  Aw  with  a center 
frequency  wk  given  by 
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(2) 


r0k  “ 

and  the  wave  spectrum  S(w)  it 
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where  A • 483.5  <?w)?/3/T04 

B « 1944.5/T4 

(fw)1/3  ■ significant  wave  height 

T0  = modal  period  of  the  Bretschneider  wave  spectrum  S(a>) 

The  random  ph'"*  7^  associated  with  each  sine  wave  of  frequency  wk  is  obtained  by  means 
of  a random  ber  generator. 

In  order  riculate  rg,  the  wave  height  at  the  location  Lf.  or  X4  (see  Figures  A.l  and  2), 
the  phase  of  the  .vave  at  the  origin  r0  is  shifted  by  the  product  of  the  distance  £ from  the 
origin  to  X4  and  wave  number  c*j2/g,  that  is, 

100  , 

*<>=27 '««*“***' *v  <4> 

k-l 

The  time  history  of  the  response  tj  is  obtained  from 

100 

¥‘>-X%'*“E'~'**V  (5) 

It 

Here  j = 3 represents  heave,  j * 5 represents  pitch,  and  represent  the  amplitude  of 

response  j and  the  associated  phase  at  taken  from  the  RAOs  calculated  by  the  first  series 
of  computer  programs.  The  absolute  motion  at  position  Lc  is 

Ve(t)  = q3(t)  + |£|  q5(t) 


,.25/ 


(6) 


Finally  at  L^.,  relative  bow  motion  RBM|  becomes 


Figure  A.1  - Definition  of  Relative  Bow  Motion  on  Ship  Centerline 


APPENDIX  B 


WAVE-EXCITING  FORCES  AND  MOMENTS  FOR  WORKBQAT 
CANDIDATES  AND  FEASIBILITY  OF  ACTIVE 
FIN  STABILIZERS 

The  wave-exciting  forces  and  moments  that  act  on  the  various  work  boat  candidates  are 
presented  in  graphical  form  (Figure  B.  1 ) in  order  ( I ) to  provide  data  from  which  the  feasi- 
bility of  motion  reduction  by  means  of  active  fins  can  be  established  and  (2)  to  illustrate 
some  of  the  reasons  for  the  basic  differences  in  the  responses  of  the  various  ship  types. 

The  results  of  Figure  B.l  are  for  excitation  at  zero  speed  in  head  (pitch  and  heave  I and 
beam  (roll)  seas.  Since  the  effect  of  forward  speed  on  the  magnitude  of  the  wave  excitations 
is  small,  the  zero-speed  excitations  are  considered  to  represent  the  excitations  at  all  speeds 
insofar  as  fin  feasibility  and  basic  response  characteristics  are  concerned. 

Pitch  and  roll  moments  are  given  per  unit  of  ship  displacement  times  wave  amplitude; 
heave  force  is  given  in  the  same  units  and  then  multiplied  by  ship  length  in  feet.  The  waves 
which  correspond  to  the  resonance  periods  of  roll  and  pitch  are  denoted  by  vertical  lines 
labeled  by  ship  type.  Note  that  these  resonance  periods,  or  waves,  correspond  to  the  waves 
which  produce  the  maximum  ship  response  per  unit  of  wave  height  as  determined  from  the 
RAOs.  i.e.,  roll  in  beam  seas  and  pitch  in  head  seas. 

The  basic  reason  for  the  differences  in  the  responses  of  the  low  waterplane  area  ship 
candidates  and  the  monohulls/catamarans  is  demonstrated  by  the  location  (frequency)  of  the 
maximum  values  of  the  wave  excitations  and  the  resonant  ship  response  periods.  Maximum 
values  of  the  monohull  and  catamaran  wave  excitation  moments  tend  to  occur  near  the  maxi- 
mum value  of  the  ship  roll  and  pitch  responses,  i.e.,  near  the  resonance  values  labeled  in 
Figure  B.  I ; in  contrast,  wave  excitations  are  quite  small  for  the  SWATH  ship  candidates  in 
the  vicinity  of  the  resonant  roll  and  pitch  motions. 

Before  discussing  the  feasibility  of  active  fins  for  ship  motion  reduction,  it  should  he 
mentioned  that  ship  responses  depend  on  the  magnitude  of  the  wave  excitations  and  their 
frequencies.  Thus  wave  excitations  at  frequencies  near  the  angular  ship  response  resonances 
tend  to  produce  large  responses  and  those  far  removed  from  these  motion  resonances  tend 
to  produce  small  responses.  Essentially,  wave  excitations  are  a function  only  of  ship  geometry 
and  the  waves.  On  the  other  hand,  the  location  of  motion  resonances*  (and  thus  the  expected 
response  magnitudes)  depend  on  the  load  distribution  (metacentric  height  (GM)  and  mass 
moment  of  inertia)  of  the  ship  once  displacement  and  LCG  have  been  fixed.  Thus  substantial 
reductions  in  motion  may  be  realized  if  the  load  distribution  can  be  altered  sufficiently  to 


•SWATH  motion  reioaucc  frequesem  uc  abo  quit*  tesativc  to  wtteiptuw  «r*»  attribution 


mw  the  nmint  Motion  period  from  the  putt  of  the  wave  exdtation.  For  example,  an 
tacmam  in  the  roll  period  of  Ship  A from  1 to  1.5  seconds  would  reduce  roll. 

It  a contidered  appropriate  to  develop  fine  which  reduce  ship  motions  that  occur  near 
the  ship  waponac  resonances.  Thus  fint  intended  to  reduce  the  heave  and  pitch  of  SWATHs 
should  be  designed  for  periods  of  around  1 2.5  seconds  for  Ship  D and  for  about  1 7.4  aeconds 
fee  Ship  E.  The  forces  federated  by  the  fins  must  approach  the  mafnitude  of  the  wave  exci- 
tations in  order  to  reduce  motion  substantially.  For  purposes  of  this  fin  feasibility  examina- 
tion it  may  be  assumed  that  the  fins  should  provide  a moment  which  exactly  cancels  the 
ship  motions.  This  amumption  will,  of  course,  result  in  relatively  larpe  fins  at  the  fin  design 
conditions.  Nevertheless,  the  fin  sixes  that  can  be  developed  on  the  basis  of  this  assumption 
will  establish  the  appropriate  relative  ranking  for  motion  stabilisers  for  the  various  work  boat 
candidates.  It  is  evident  from  Figure  B.l  that  the  wave  excitations  for  monohulls  and  cata- 
marans are  very  much  larger  than  for  SWATHs. 

The  feasibility  of  motion  stabilization  is  now  demonstrated  by  considering  the  non- 
dimensional  roll  and  pitch  wave  excitations  at  resonance  for  Ships  C.  E.  and  F: 

Ship  C Ship  E Ship  F 

Pilch  Moment  4.2  0.13  2.25 

Roll  Moment  0.11  0.06  0.55 

We  convert  these  pitch  moments  into  forces  (tons!  by  locating  the  fins.  say.  0.4  from 
the  LOG.  Similarly,  we  convert  the  roll  moments  into  forces  (tonsi  by  locating  the  fins 
rather  arbitrarily  at  a certain  distance  from  the  centerline:  1 .2  times  the  draft  for  Ships  C 
and  E and  24  feet  for  Ship  F.  The  following  forces  result: 

Ship  C Ship  E Ship  F 

Pitch,  tons  38.»>  2.1  34.2 

Roll,  tons  11.7  3.2  23.6 

These  are  wave  excitation  forces  per  foot  of  wave  amplitude  that  stabilizers  must  provide  in 
order  to  completely  cancel  the  ship  motions  due  to  waves. 

Now  assume  a fin  design  speed  of  1 5 knots  and  select  0.040  lift  curve  slopes  per  degree 
of  fin  angle,  as  obtained  from  some  typical  full-scale  roll  fin  experiments.21  The  resulting 
total  sizes  for  fin  travel-limited  to  1 28  degrees  is  given  below  for  seas  with  a significant  wave 
height  of  6 feet.  (The  limit  of  1 28-degree  fin  angle  was  taken  from  the  fin  limits  employed 
on  the  Vosper  fins  installed  on  the  U.  S.  Navy  PG  100;  see  Reference  21.) 


Ship  C 

Ship  E 

Ship  F 

Pitch,  feet2 

363 

20 

319 

Roil,  feet2 

110 

30 

235 

30 

On  the  basis  of  these  preliminary  fin  area  results  as  well  as  the  sizes  of  roll  fins  installed 
on  monohulls,  it  is  concluded  that  pitch  stabilization  is  impractical  for  monohulls  and  cata- 
marans. In  other  words,  pitch  reduction  to  zero  by  means  of  fins  in  6-foot  significant  seas 
is  impractical  though  not  impossible.  On  the  other  hand,  pitch  and  roll  reduction  appears  to 
be  quite  practical  for  the  SWATH  ship.  Finally,  stabilization  of  the  monohull  io  zero  roll 
in  6-foot  beam  seas  is  also  somewhat  impractical  although  much  less  so  than  is  true  for  the 
catamarans.  It  should  be  noted  that  for  adequate  conventional  roll  stabilization,  fin  size 
tor  Ship  C can  be  reduced  to  about  60  square  feet. 


Figure  B.l  - Wave-Exciting  Forces  and  Moments  for  the  Slip  Candidates 
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SHIP  I nmOHULLS  SWATH  COLUMN  STABILIZED 
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Figure  I - Ship  Partial  Ian 


Figure  2 - Comparison  of  Candidate  Ship  Types 


DATA  CHANNELS  AND  LOCATIONS 
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Figure  6 - Summary  of  Calculation  Conditions 
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Figure  7 - Relative  Frequencies  at  Which  Individual  Wave  Systems 
or  Combined  Systems  Occur 
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Figure  8 - Influence  of  Modal  Sea  Period  on  the  Significant  Single 
Amplitude  Pitch  and  Heave  of  Ship  Candidates 


(la  mm  «tt  I -loo*  rigatffcaat  wav*  MgM) 
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VERTICAL  ACCELERATIONS,  G'S  RELATIVE  BOW  MOTION 

STERN(AP)  CG  BOW(FP)  STATION  4 


FI*w  9 - hfluw  of  Modal  Sea  Period  on  the  SpUkMl  Stafk 
Aldltode  Relative  Bow  Morioo  and  Vertical  Accek  ratio  wa  of 

Wt  Wp  vMQKMI 


VERTICAL  ACCELERATIONS , Cf  RELATIVE  MV  NOTION 

STERN(AP)  CC  ROW (FT)  STATION  4 
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Figure  10  — Influence  of  Ship  Speed  and  Modal  Sea  Period  on  the  Significant  Single  Amplitude  Relative 
Bow  Motion  and  Comparable  Absolute  Vertical  Motion  of  the  Candidate  Ships 

0a  ms  with  6-foot  apafkaat  ware  height) 
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Figure  12a  - Number  of  Slams  per  30  Minutes  of  Operation  in  6-Foot 
Significant  Wave  Height  Seas 
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Figure  12b  - Number  of  Deck  Wetness  Occurrence*  or  Crom-Strncture  Imports  per 
30  Minutes  of  Operation  in  6-Foot  Significant  Wane  Hei^it  Seas 


TABLE  1 - DEFINITION  OF  SEA  STATES 


State 

Ranges  of 

Significant  Wave 
Heights 

<?*> 

" 1/3 

ft 

Ranges  of 
Modal  Wave 
Periods 

T0 

sec 

1 

0-  1.92 

0-  3.08 

2 

1.92-  4.13 

3.08-  4.52 

3 

4.13-  5.66 

4.52-  5.29 

4 

5.66-  7.35 

5.29-  6.03 

S 

7.36-  13.04 

6.03-  8.03 

6 

13.04  - 20.80 

8.03-10.15 

7 

20.80  - 40.33 

10.15-  14.13 

8 

40.33-61.58 

14.13-  17.45 

NOTE:  1.  Tg  periods  corresponding  to  the  steepest,  partially  developed 

wind-generated  wave *,  than  fated,  high  Mind,  moving  hurricane. 
Bratachneider  Rafaranca  14. 

2.  Staapar  M*va>  do  occur,  but  they  are  rare  and  ara  generally  anoc 
iatad  with  land  kicked  bay* or  takas,  Rafarencas  IS  and  16. 

3.  Tg  ■ (lfwl  /0.202J 1/2  Modal  period  of  partially  developed 

1^3  hurricane  aaa  IBratschneidar). 

*•  T_  « (( f | /0.127] 1/2  Modal  period  of  fully  developed  wind 

'*  W 4 /*»  iw 


1/3 


aaa  (Pierson-Naumann -Jamas). 


5-  Xg/lfj 

«•  Vfw» 

7.  Xg/(TW) 

Xg  • Wavs  length  corresponding  to  period  of  spectrum  peak.  TQ 


- 1/40 

Pieraon-Moakowitz  we  e spectra.  i.e„ 

1/3 

(4) 

- 1/26 

Bratachneider,  i.e.,  (3) 

1/3 

| - 1/10 

Steepest  observed.  Hogban  and  Lumto 

1/3 

Reference 
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TABLE  2 - CONSTANTS  FOR  SINGLE-AMPLITUDE  STATISTICS  AND  EQUATION 
FOR  TWO-PARAMETER  BRETSCHNEI DER  SPECTRUM 


SINGLE  AMPLITUDE  STATISTICS 

BRETSCHNEIDER  SPECTRUM  Sf(w) 

Root  moan  square  amplitude,  rms 

1.00  o 

Sf(w) 

= Acu  5 exp  |-B/gj4]  in  ft2/sec 

Average  amplitude 

1.26  o 

A 

= 483  5 <Fj,2,/T04  ft2  sec'4 

Average  of  highest  1/3  amplitudes,  significant 

2.00  a 

B 

= 1944.5/T4,  sec-4 

Highest  expected  amplitude  in  10  successive 
amplitudes 

2.1So 

ff«v*1/3 

- Average  of  highest  1/3  wave  heights 

Average  of  highest  1/10  amplitudes 

Highest  expected  amplitude  in  30  successive 
amplitudes 

2.55  0 
2.61  0 

T0 

= Modal  period  of  spectrum,  i.a., 
period  corresponding  to  peak 
of  spectrum 

Highest  expected  amplitude  in  50  successive 
amplitudes 

2.80  0 

Highest  expected  amplitude  in  100  successive 
amplitudes 

3.03o 

Highest  expected  amplitude  in  200  successive 
amplitudes 

3.25  0 

Highest  expected  amplitude  in  1000  successive 
amplitudes 

3.72  0 

DEFINITIONS 

a = Statistical  variance  of  time  history 

N = Number  of  successive  amplitudes 

CONSTANT  = sjT.  (Bn  N)1/2,  where  CONSTANT  relates  a to  the  highest  expected  amplitude  in  N 
successive  amplitudes. 

NOTES: 

1.  The  highest  expected  amplitude  in  N amplitudes  is  the  most  probable  extreme  value  in  N 
amplitudes.  This  value  may  be  exceeded  63  percent  of  the  time. 

2.  To  obtain  wave  height  or  double  amplitude  statistics  from  rms  values,  multiply  single 
amplitude  constants  by  2.0. 
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TABLE  3 - YEARLY  AVERAGE  STATISTICS  OF  FOUR  MAJOR 
HAWAIIAN  WAVE  SYSTEMS 

(Plan  St.  Dm*17) 


Wave  Group 

Direction 
of  Origjn 
deg  true 

Average 

Significant 

Height 

ft 

Average 

Significant 

Period 

sec 

Frequency  of 
Oecurrene* 

percent 

NE  trad*  wind- 
generated  waves 

78 

4.79 

&63 

75.3 

North  Pacific  swell 

320 

479 

13.89 

74.0 

Kona  Storm  waves 

187 

3.52 

6.18 

10.3 

Southern  swell 

194 

2.80 

13.07 

53.0 
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TABLE  4 - RMS  RESPONSES  OF  SHIP  A,  85-FOOT  HARDCHINE  MONOHULL 


HEAd  -s£As 

LHP*  BS.O  FttT 

Hi/Ja  S.  fir.  r 

CLEAmAhCE.  C • 

h.HH  Ffc>  I 

□WAFT,  l)  * J.7 7 

FEET 

Risl 

ClANMfcL 

SHEEPS 

0.  MS 

S.  RTS 

IS.  a IS 

dO,  RIs 

W*Vt  hEIGmT  AT  UwJolN 

1*0*  J<? 

1.4368S 

l.AJSi? 

1.A3801 

**Vt  HEIGHT  AT  SU.  a 

1.AJSJ5 

1 .43753 

l.A3bl7 

i.AlBje 

HEAVE 

.90941 

•4£S08 

1.18/mk 

1 .H  Tull 

P f TCh 

<?.b4£30 

<*.47492 

2.0A8A1 

l.H9*>7(> 

vE»r.  hot.  at  sta.  a 

1.44730 

1.89017 

1.4491a 

1.H770S 

6 

HHh  at  ST A.  a 

.'ititn 

1.44  765 

1.99®Sa 

<;.o947e 

VEOT . ACC.  AT  STf-N  (AH) 

.04463 

. 1 tin  38 

.?2lHtl 

.<fb«4S 

VFbt.  4CC.  AT  C'i 

.03 

.U60«3 

. 1M443 

.H1U9S 

VFul . ACC.  AT  MO*  <f-> 

.1 lB^S 

.23294 

.A0A37 

• AS  7a  «i 

H|/J  or  *vM I Cm  -H-*/C*l 

1 /./ 

li.l 

H.O 

/.  7 

Hj/J  AT  hmich  (FEET) 

4. a 

b.l 

A. A 

A.H 

*A\/w  Ht  I tt*if  Af  tMiOl* 

1 .AS  f t\i 

1 ..iJAw 

l.oo/al 

1 .AH34-* 

*Avr-  hEI'*h|  oT  ST-*.  t 

1 .tbr  a 1 

1.4S371 

1.*a7  8/ 

1 .HT  JHli 

hF  A vr 

1 .H  1 JtJ 

1.1/642 

l. J70H4 

1 .A J./' 

PITCH 

£ . r'oftH  j 

<f.  Ia37a 

1 .Hen/  1 

1 . / )/■*. 

0 

VF  Of.  HOT.  AT  ST  A.  s 

1 .steeb 

l.rtblA/ 

/.UO"  1') 

e.iionO" 

O 

HU*  AT  Hi  *.  A 

•SbAbl 

. /biloj 

l.M^Sl 

i .•'i//  j 

vFor.  ACC.  AT  sTrw..  (OH) 

.(Jh>**J 

.utaA 

.1h4// 

. H 1 It?/ 

VEDI.  ACC.  AT  CO 

.0  304<> 

. US 183 

.lU-t 

. 1 7 f>*n. 

vFoi.  oi:c.  at  ~>o*  o-h) 

• Unojii 

. i be  3 1 

. JoOh  / 

. JS'it  / 

Hl/J  AT  cH|C«  MH'-l/C®  1 

/'h.a 

lb./ 

lo.G 

1 0.0 

Hl/J  at  V1|(H  (FEET) 

It.  < 

■*.£. 

M • O 

o.-y 

*Av^  'ir;  | ,1-<T  j|  i ■<  I<*1  1 

1 • f 1 

1 .‘•SHM-J 

[ # <«  fA  m *0)  ^ 

i • -*H>  ^ 

HA  vr  "C  | T ..  1 sM,  •. 

i / £\J  1 

i .•ox^r 

i 4 

1 * •♦*'  # / fi 

Hr  A -<  r. 

1 . .'se  r*. 

i . 31  v£’> 

1 

l . S 1/  ~>  J H 

HI  R*l 

1 . t •»  t £ i 

1. to Iaa 

1 . 1 1 1 1 •« 

l .Vi/ 

VFOI.  x.iT.  AT  ST  A.  A 

1 .H  /tha 

1 . f <•/>')'* 

1 # 4^7 

1 ,4?U4- 

10 

juy  AT  s | . A 

.bbJMS 

i.u»hx 

1 . 1 •'*'*'*■ 

VP^T*  ACC*  AT  STr.’*'*  I 

« j *•  / *♦  i 

.OH  l7J 

. 1 1 HUH 

. IhHI - 

v^ul.  uCC.  AT  CG 

• »£->  ! t 

• UjSHt. 

• lov  Jo 

.1  1 l ■*  J 

Vfai.  oCC.  AT  how  ( ► h ) 

. -is*  »s 

. 1 02  i~> 

.£l£0-> 

.HhJ7^ 

Hl/J  or  •<h1CH  hHH/CS| 

1 T.t 

l J.*- 

m|/j  at  hhich  *wori  (FEET) 

5 

lb.  / 

7.h 

HAvt  HtlHHl  .(T  MR’lo 

1 .44JJ0 

1 .a  / b2s 

1 .OHOll  7 

1 .AM 1 7b 

*Avr  Hf.IuHl  4T  SI  a.  a 

1 .443H0 

i.A/6?4 

1 .HbAO  1 

1 .AS  1 Mu 

HFavr. 

1 .4* JoS 

1 •*»  1 7ah 

1 • ah^h  1 

1 .S0<f9s 

HITCH 

1 .O^USS 

i ,ob.M»b 

.04  fl4  M 

.aPuah 

VTul.  -Ml.  AI  >T  j,  a 

1 . '♦  ■>£r*d 

1 .bos  1 0 

1 ,VJS4 

1 ,X-)»»<|  / 

1/1 

o r il  l,  -• 

• / <♦ 

.^OO'I'X 

J 

.->4Al  / 

VEOl.  ACC.  •>  T sTt  (T) 

• UMHS 

• u e//*» 

• ot-jb  J 

.Os^ls 

VFsl.  oCC.  AT  C> 

.UlbJH 

.OtV^H 

.OAhSH 

.OS^Hl 

VFHT.  ACC.  A!  ~o*  1)0 

• o/rVM 

.0 JHOT 

.0 / 7S J 

. J (Job  1 

H | / 1 Af  HMlCH  HM~>/C=1 

1*4.4 

Ro. 

33.0 

<?/.o 

Ol  / J Ot  HHJCH  Xr)H/l)=l  (FEET) 

1 ua.  / 

At.  J 

18.3 

1 A . 9 
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TABLE  5 - RMS  RESTONSES  OF 


B,  15-KNOT  MONOHULL 


•it  411  SEAS 

*ii/3*  o.  o'ttl 


U**M*  l 

CLEApAmCt • C * 14.00  ►t*-  T 

UU4F|«  u * H.OU  fttl 


CHANNEL 


sHo.Ens 


Mf  AV£ 
PITCH 


U.  MS 

5.  MS 

15.  MS 

AT  UwI<*H 

1.43532 

1 ,430*15 

l .4  1512 

AT  STA.  4 

1.4JSJ3 

1 .437  7a 

1.4)530 

.‘jjesl 

,00*i  )*> 

.viii 

1.29037 

1 .30791 

1. 051/4 

AT  STA.  4 

1.36919 

1 ,6l35l 

1.522U4 

4 

1.34107 

1.66512 

2.22595 

AT  ST£HN  (AH) 

.05966 

•00030 

• 1 3o  7 1 

AT  CG 

.017911 

.03070 

•00uo7 

AT  HUM  (£H| 

.07309 

.13434 

.19420 

Hl/J  A T WHICH  wmm/C*1 
hI/J  AT  whICh  Jnm/i)i1  (FEET) 


— 

WAVE  Mtl'iHl  aT  ilwlnl'i 

1 ••»*>  7/0 

1 .45300 

1 .44  7*  1 

wave  h£I«>hT  aT  ST*.  4 

i .40009 

1 .45404 

1 .44  7 7 7 

H£Avt 

.Wl5li 

1 .0047* 

1.34741 

PITCH 

1 .424/4 

1 .44  341. 

1 . 2 4 J 10 

V£PT.  HOT.  at  STA.  4 

1 .055***. 

1.400 1 7 

2.04 /44 

POM  AT  STA.  u 

. ■•*5*30 

1.50/71 

2. 1 0 /*»•! 

VEDT.  ACC.  AT  ST  .**<*.-  (A--) 

. 04540 

.0  7**  7 

. 1 1554 

VFrT.  ACC.  »T  C'» 

. 11  1 

.o J* 1 7 

1 

Vt'ol  . ACC.  AT  m i-  (►-I 

.i 

. 12U 15 

. 1 445  7 

H 1 / J AT  i-UC-i 

2-..  1 

hi/i  at  «-t4/,,=  ! (FEET) 

I**... 

l£.5 

WAVE  HElliHl  aT  I-I  jI. 

1.-/1  (■ 

1 .45*45 

1 ,4n*»5  7 

WAVE  hEIuhT  A!  STA.  4 

\ led 

1 .45*44 

1 .4  7o-)'i 

HEAVE 

t . l5J5*> 

1.21350 

1 .49154 

PITCH 

1 .20234 

1 ,2r»2  1 * 

1 . 1 7 J4  1 

VEp  I • AllT.  AT  STA.  4 

i .*>H  id 

i.flOJOi 

2 . 1 1 4 J 4 

RPM  at  STA,  4 

.005  7h 

1.0/597 

1 ,045 1 1 

VfoT.  ACC.  uT  'jTF**'.  (A**) 

• J4  3 /l) 

.ool  1 ** 

. 1 II  7 )4 

VFO  1 . AcC.  » I C ■ 

wl-ul 

• >J  JO*'* 

# 0 /«• 

VEP ( . ACC . " T - >»  l* - ' 

• a/-'  A T** 

.041  1- 

. l5-*l  - 

1 Hl/j  AT  4*1 1 C**  -•* •■/C*l 

25.  7 

I h i / j at  (** i c-»  -a../. i=i  (FEET) 

/*“  • 5 

1 7.5 

11.4 

WAVE  A I *>-*  I •- I 

<4 A Ot  H£  lvj.il  A i '1-.  ** 

HF  A Vt 
PI  TSH 

Vf  o I . -l"T  . At  s t «»•  -» 
jwm  m T ST'.  •* 
vErT.  ACC.  ■*!  sf-.**  ( •*“ ' 

VFol.  ACC.  aT  cr, 
vFpT.  «CC.  AT  - t-  <fJl 


f . >.  - ic 
l J It 
I . <-->52 

• -.7.141 
I • 4 l-«  75 

.2  1 ! 7' 

,\jt  •th 

• o I Jt»2 
.1  .2  7)- 


1 .4/527 
, .4 /f.2- 

1 . J44  72 
.14444 
i . 7 ..414 
. P -.4  I 1 
.U.1J  71 
• 02  0*1 
.04/74 


1 . 444 ii  7 
1 o- 

J .521 1 4 

. 1..414 
1 ,4J4*> >;' 
.44..1  1 
. u •»  J 4 I 
• l)4"  j2 
.O'*  3*4 


Hl/J  AT  -hw/csi 

nl/i  at  which  (FEET) 


TABLE  6 - RMS  RESPONSES  OF  SHIP  C,  20-KNOT  MONOHULL 


H£AU  SEAS 

LPP»  2U0»0  FEET 

Ml/J«  6.  FEET 

CLEAPANCt*  C 

• 

17. 65  FtfcT 

Tn 

UPAF 1 « U ■ 

9. 

35  FEt  1 

u 

SEC. 

CHANNtL 

SPtfcUS 

o.  MS 

5.  RTS 

is.  a rs 

/ '.  - t 

K*Vt  n£  KHt  AT  U*lGl« 

1 .4  13J/ 

I .4  JoM6 

1.4J3I? 

1 .3  |8  . . 

WAVt  HfcltinT  AT  6TA.  4 

1 .*  nJU 

1.3J//M 

1 .4  J3  73 

1 .3  13/ 

HEAVE 

.SJOlU 

.8 1 3 1 2 

.-//3 

PITCH 

.yu jos 

,*3*/4 

.Hi//-* 

.3-.-J/ 

VEPT.  HOT.  AT  ST*.  * 

1 . i /wo/ 

l.42ll* 

1 .433// 

1 ./8  J J.' 

P«H  at  ST*.  4 

1 . 33*0/ 

t .00044 

?.?S/*3 

/.  1“38  • 

6 

VEPT.  ACC.  AT  STe*N  IAP) 

•048J6 

.0 /U3i 

.llu// 

. 1 /3/z 

VEor.  ACC.  AT  Cw 

•Ul/33 

.u/o*S 

.0033** 

/ 70  . 

VEBt.  ACC.  at  H')W  tfh) 

. .13*30 

. 106/2 

.13700 

. 138-  1 

Hl/J  AT  AH1CH  *M-*/C*l 

To.  7 

?Z.2 

1«.4 

1*.* 

Hi /»  AT  HHICH  (FEET) 

In./ 

li.o 

9. * 

1 " . 1 

WAVt  HEIGHT  AT  UhIgIN 

I .**h  7/0 

1 .43 JOB 

1 .447M J 

l .46.1** 

HAvc.  HEIGHT  AT  STA.  4 

1 .aooWJ 

1 . *»S4  11 

1 .44  70S 

1.46177 

HEAVE 

.7  78.1* 

.8  7 J9 1 

1.2760/ 

1.411 7 u 

PITCH 

1.14/12 

1 • i *0 1 0 

1.122/6 

1 .01883 

VEpT.  mot.  AT  STA.  4 

1 .3*iul 

1 .838/6 

Z.lsoH? 

2.13*8* 

0 

PHM  AT  STA.  4 

1 . 10J81 

i .oi)s2w 

2.32784 

2.470/3 

O 

vEoT . ACC.  AT  STF (A-M 

. U4«jy? 

.07o*u 

.1182* 

.1478- 

VEPT.  ACC.  »T  Ci 

.u2*2J 

.08003 

.10613 

VFoT,  ACC.  AT  "')■»  (Fn) 

• i»**9«*U 

.10397 

.1921 1 

.21300 

Hl/J  AT  «hH.h 

I/.O 

/s.* 

1 7.8 

Io.h 

Hl/J  AT  HHICH  whh/u=1  (FEET) 

1 V.* 

1 J.  7 

9.5 

6 . * 

H*Vi  Ht  K»h|  nl  '(  ->K>1'. 

i .3  7 1 /3 

i .333*3 

i #**f>rtfs  f 

I.43  y*3 

m*VC.  Hh  Kill  AT  S 1 « . 3 

l .3  / Z33 

1.430*7 

1 .4  70 J/ 

1 .33*33 

HEAVt 

1 • >l--»  J- 

1 .1/110/ 

1 .44/33 

1 .3*  13- 

PITCH 

l • ••-*r** 

1.1/3 /•> 

1 .0381*. 

1 .0  1/2/ 

VFpl  . •'IT.  -iT  ST*.  - 

i / 

1 . 3*3/ * 

/./33-3 

/. tv J*s 

10 

wMm  at  sTa.  a 

. Nnu 

1 .1*388 

1 .83313 

/.•J*J3j 

VF pi.  ACC.  AT  STC  - i ('.-I 

• jH'JW.i 

• 03  /■>« 

. 0*3  1 0 

. 1 /-*/■« 

VF P f . ACC.  «T  C<’ 

. .<  I SOO 

.0/630 

. 030*  T 

. -3  13  | 

\/Fp  1 . ACC.  a I - •►HI 

. J. /* * 

.004  TH 

.13*1  * 

. 1 J33- 

Hl/J  jT  «hICh  HHiJ/C=l 

S/p 

14  . 3 

Z2  • 0 

1 *.* 

H)  / J AT  -V'hICH  ir  J {FEET) 

//.  7 

J 3... 

11.7 

10.- 

^ A Vi  »it.  1 * i'h  T T * 

1 .3* J/- 

1 . 3 /-/ / 

J *)  t 

1 .33  1 7- 

WAvt  Ht  !•»- 1 AT  it-'.  =• 

i 

1 . ■»  fl>  J3 

1 #***i  *♦»/*> 

1 • ***',//  1 2 

HFA  Vt 

i • 4-)’  j 

1 • 

1 .3*33 1 

1 .3-1  ;*/ 

•'I  T’.H 

• - V 

• 33 1 3/ 

. 8/(U.S 

.7-03/ 

14 

VFU(.  h)T.  It  - ... 

1 • < *8 

l , t -’3/<> 

/ • '1/  1 33 

/.■»*•  0-3 

u f *•»  i i . 

• 1 f 1 

• O/  iilT' 

1.1  .13  V 

1./-  1 

VF  j 1 . AO'.  .'.Is-'  O-i 

• 

. 0 *33  J 

. 038.1* 

...  /-.s  ? 

VFut . ACC.  AfC- 

• v>  I / J / 

.ulx-J 

• u *-  ^ ? J 

VFpl.  ACC.  at  h).  IF-”) 

• iP>.i 

• U A l<*  l 

.1  1-3  * 

Hl/j  AT  hhICh  wh*i/C=1 

1 tJ**  • /" 

33.1 

JO. 3 

J/.  * 

Hl/J  AT  »t!CH  whh/ii=i  (FEET) 

SS  • r' 

Is.  0 

1 * . 3 

17.1 
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TABLE  7 - RMS  RESPONSES  OF  SHIP  D,  15-KNOT  SWATH  WITH  AND  WITHOUT  BILGE  KEELS 


TABLE  7A 


BILGE  KEELS 


HE 4.)  SEAS 

LMPa  155.0  EttT 

Hl/J»  6.  FEET 

CLEARANCE*  C > 

12.00  Ettf 

OPAEl,  o a 1*. 

50  EEC  1 

CHANNEL 

SPEEDS 

V.  KTS 

5.  KTS 

15.  KTS 

WAyt  height  AT  ORIGIN 

—II 1 1 1 1 ■ 

I .436*1 

mmm  li 

8Avt  HEIGHT  AT  sta.  A 

1.43534 

1.43776 

1.43512 

HEAVE 

1.576*9 

.*7868 

.43480 

PITCH 

.UeJS 

.20737 

.2*123 

VEpT.  MOT.  AT  STA.  4 

1.56668 

.4*43* 

.53615 

PAH  AT  STA.  A 

2.24630 

1.80406 

1 .63*06 

VEpT . ACC.  AT  STERN  (AM) 

.04*75 

.03620 

.03211 

VEoI • ACC.  AT  C6 

.04757 

.03355 

. 0 1 9*4 

vEpT.  ACC.  AT  80h  (fP) 

.047** 

•0355* 

.04300 

Hl/J  AT  ^HlCH  RHH/Cb 1 

12.6 

IS. 7 

17.3 

Hl/J  4T  *hICh  R0M/J.1  (FEET) 

17. J 

21.5 

23.7 

WA yt  HEIGHT  AT  origin 

1.4*770 

1.46370 

1 .44*00 

MAvC  HEIGHT  AT  STA.  A 

1 .46**6 

1.4635* 

1 .44793 

HEAVE 

i.**:*2 

1.97080 

1.4509? 

PITCH 

.42*43 

.22781 

.40994 

VEPT.  HOT.  AT  STA.  a 

1 .*7402 

2.021*7 

1.6179* 

PAH  AT  STA.  A 

2.41*34 

2.62825 

2.3342* 

VEOT.  ACC.  AT  STERN  (AMI 

.0444 J 

.06651 

.05119 

wEol.  ACC.  AT  CG 

.044*2 

.0563* 

,04n27 

VEST.  ACC.  AT  P0«  (FM> 

•OSOhO 

.05744 

.06440 

Hl/J  AT  »HlCH  WHH/Cal 

11.7 

11.2 

12.1 

h)/J  AT  «hich  mhh/o*1  (FEET) 

1 6 • 1 

15.4 

16.6 

MAvt  HEIGHT  AT  ORIGIN 

1.471 7* 

1 .45*05 

1.468*1 

•A VC  HEIGHT  AT  STA.  a 

1.47217 

1 .-.5407 

1 .4*934 

heave 

1.77*63 

2.12053 

2.27*0* 

PITCH 

1 .60120 

.4*452 

.62215 

VEn I . HOT.  AT  STA.  A 

2. 62**6 

2.31182 

2.43789 

MUM  AT  STA.  A 

2. Ah J6» 

2.38472 

2.73*06 

VEot.  ACC.  AT  STEHH  (AM> 

.034*6 

.0*23" 

.0**07 

Vfol.  ACC.  AT  CG 

• 0 J4*4 

.06350 

. 0*64* 

VEoi.  ACC.  AT  -H«  ( F h 1 

.044  J* 

.0656* 

.07117 

Hl/J  at  VH  1C**  ahh/C—  1 

11.6 

11.0 

10.3 

Hl/J  AT  MHlCH  hHH/o=1 (FEET) 

1*3#* 

I 6 . 3 

14.2 

M*Vt  "EIghT  «T  ORIGIN 

1 .4432* 

1 .47639 

1.4*422 

VAyt  h£1C,-.t  » f STA.  4 

1 .44J66 

1 .4  7634 

1.4*421 

heave 

1.64740 

1 .*7017 

2.20473 

PITCH 

2. 7666U 

1.03322 

.*8**5 

VEST . HOT.  AT  STA.  a 

3.34316 

2.45*92 

2.43245 

PAh  AT  STA.  A 

2.563*6 

1.74J03 

2.02525 

VEor.  ACC.  AT  STERN  <AR> 

• 02a  7* 

.03333 

.05111 

VEPT.  ACC.  AT  CG 

.0236* 

• 035a6 

.05236 

VEPT.  ACC.  AT  *0*  <PP) 

.0366* 

.03453 

.05711 

Hl/J  AT  .'H  «0H/C»1 

11.0 

15.7 

13.9 

Hi/3  AT  . iCH  HPH/0.1 (FEET) 

15.1 

21.7 

19.2 

TAILE  7B  - WITH 


155.0  FEET 

CLEARANCE,  C ■ 12.00  FEET 

WAFT,  0 • 16. SO  FEET 


HEAD  SEAS 
Hi/ Ja  6.  FEET 


CHANNEL 


HA VC  HEIGHT  AT  ORIGIN 
NAVE  HEIGHT  AT  STA.  A 
HEAVE 
PITCH 

VERT.  HOT.  AT  STA.  4 
RAM  AT  STA.  4 
VERT.  ACC.  AT  STERN  (ART 
VERT.  ACC.  AT  CG 
VERT.  ACC.  AT  HON  (FRT 


Hl/J  AT  WHICH  RHN/C*1 
Hl/J  AT  WHICH  RMH/Oal  (FEET) 


WAyt  HEIGHT  AT  OWlolN 
WAyt  HEIGHT  AT  STA.  4 
HEAVE 
PITCH 

vEol.  MOT.  AT  STA.  4 
RAM  AT  STA.  4 
VERT.  «CC.  AT  STERN  I API 
VERi.  ACC.  AT  CG 
VEBt.  ACC.  AT  MON  (FRT 


Hl/J  AT  WHICH  WMM/C* 1 
Hl/J  AT  WHICH  RHM/U* 1 (FEET) 


SPCEOS 
D.  RTS 


1.43*3? 
1.43*34 
1.41789 
.16039 
1 .40660 
2.19/86 
.04**2 
.04349 
.044*? 


I. 487/0 
I .468*8 
1.66/97 
.40017 
1.79418 
?. 41890 
.04466 
.044*0 
.04*63 


wAyc  height  at  origin 

1. 47176 

WAyE  height  AT  STA.  4 

1.47/17 

HEAVt 

1.6*833 

PITCH 

1.16*9? 

VERT.  MOT.  AT  STA.  4 

2.24615 

10 

QAM  AT  STA.  4 

2.31990 

VEoT . ACC.  AT  STERN  (APT 

•034*S 

VERI.  ACC.  AT  CG 

.03*71 

VERT.  ACC.  AT  MOW  <FPI 

.03996 

M|/3  AT  WHICH  RHM/Csl 

12.2 

Hl/J  AT  WHICH  RMM/Owl (FEET) 

16.7 

WAVE  HEIGHT  AT  ORIGIN 

1.49326 

WAyt  HEIGHT  AT  STA.  4 

1 .49366 

HEAVE 

1 .51875 

PITCH 

1.85952 

VERT.  HOT.  AT  STA.  4 

2.7*525 

14 

RDM  AT  STA.  * 

2.00309 

VERT.  ACC.  AT  STERN  (ART 

.01926 

VERT.  ACC.  AT  CG 

.02128 

VERi.  ACC.  AT  HOW  (FRT 

.03032 

Hl/J  AT  WHICH  RHM/Cwl 

14.1 

Hl/J  AT  WHICH  RRN/Dal  (FEET) 

19.4 
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TABLE  8 - RMS  RESPONSES  OF  SHIP  E.  20-KNOT  SWATH 


"tAd  S£  AS 

<S.  fff. T 


C-i«NNtL 


• A VC  “•t-lo*’!  At  OwK'lN 
*Ayc  4fcli*il  AT  STA.  - 
-*F  A Vt 
PITCh 

vFal.  »ut.  AT  STA.  - 
ARu  AT  S T A . - 

I/E  Jl.  ACC.  *T  STE-*  (A-l 
vF^r.  ACC.  AT  cr- 
vful.  aCC.  at  -iu«  (fv>) 


U.  ATS 


l.-JSJ? 
l .4J5J? 
.4*0  7 3 
• 171  o*. 
.99*47 
l. 7»/u3 

.0 /if©* 
.0214* 
.023-10 


L*M«  ?00.0  EECT 

CLE Ax Ar*Ct  • C • 12.10  FEE  7 

lMAF  I • U » l1*. AO  fttT 


S.  MS 


1.4j*4l 

1 .43740 
.32JS* 
.23041 
.402  <7 
1.3H0S4 
.0231  7 
,0l2HS 
.0274? 


IS.  "TS 


1 .43320 
1.43SU1 
.1 7 4«( 
« 1*741 
. 1*3*»4 
1.37074 
.02473 
.0?J1S 
.02*37 


20.  Ms 


1.4J727 
1 .43*2? 
.21274 

. 1 SJ4  1 
.2*44* 
1.431 lo 
.01 *4 7 
• 0211** 
.04491 


Hi  / i AT  WHV/C*  l 

Hl/J  **  T »H  1C”  3-*“/  1 (FEET) 


m A \j-  J • « 

> % ; 

- i ! . 

^ A V " i »** 

r -» i 

- T A . • 

mF  jjvr 

■*•  t 

V'OI.  ••‘•■T. 

AT 

> T ;*  # ■« 

ju.  at  . ; , 

• *• 

! o'a:.  *(. 

A T 

ST-  - . il-i 

. V>‘  3 1 . -C'.  . 

AT 

< * 

, Vr  H T . AC  ^ . 

M T 

~i  i •»  * r - * 

-1  / * - i 

l ~ 

- -•*/  " l 

i-  - 

- -w  r,  (FEET) 

1 no 

l 1 

'*  • A*  'V 

• X 

^ • **  A l * 

• #«/-.« 
• * "*7"' 

. 7 •<  1 ' 


1 1*"* 

1 . .O-  >4 

l .2*'-  7 / 
.202  «-> 
1 . J I 1 

i.:  l(  I " 

. 02 /4- 

• c2  7 1 - 
.•>  320- 


...4  7-4 

. .4  7»  1 
. 1-  )'■ 
. 1 l-“  ‘ 
.-I*-  < 

. < I 4 J * 
. J?  .1  1 “ 


i • .*>.0  1 
1 . j4  ; 
.2-i#-~ 

. I 2-»4» 

.24442 

1 . ->  ' 1 4 ' 

. 1 3-  7 

. i 1 -2*1 

. " * J 0 l 


n A vr  ■*»!••«  T -l  ’ • . 

4 A v ■•*,,«!  i ; - I ■ , 

■of  M • ? 

HJT  - 

! . • ■ T . I I - T • . 

JUT  A T 11  I,  4 


4 1 7 - 

*4  f ,*f  * *1 

•"rni 
» «-*•'/ 

~~  2 ■*- 

, '•?  1»> 


1 • V ■> 

I • «•-?*  »- 

1 . ‘ »l 

.274-7 

2.  PI  '2 

-.-,-44- 

..,•144 

. J '44  * 

_ . , | - 4, 


I ,4‘ i 

| .4-4- < 

i . 

. 2 I 2 I l 
:.!•! 
2.1-/- 
. ••2--  • 
. •2-  > - 


l .4  l -J  1,2 

I .4-4  t — 

.4-271 

. i - 2 - 

I . * 7 —4  1 

l . 4-  '-, 

• “2  « 


- ’ / ’ » ' 
••  1 / ■ . '. 


, (FEET) 


• V- 
■ A J* 

! T H 

«►  [ . - ; 

H 1 . 

^ . 

A I 

IV  . 

r .. 

«♦ 

O 1 . 

AtC. 

A T 

■or. 

-*C(.  • 

A 1 

■ = T. 

mT 

1 / < 

j!  i-  I 

2 *4 

1 / « 

^ r * ••  i 

1 

* ■« 

i th 


l • i •*  ? 

i • l * s 


l.v^h 

C.Jll-  1 

l l - 

t. 772-- 

l • '24-4 

1 7 

. A A- 

. ' 144- 

*'  • '*-*"*^ 

2 .-2-24 

2.1  7 4 1 4 

l * **«#<*•*  ^ 

2.1-14  3- 

2 . 12- > 1 

2.1-1-“ 

•:.  1 1 - 1 - 

• ’ir  1«*  1 

. U2*i  1 •’ 

. U 2 - - - 

. 12-7  ' 

• 02-0  1 

.v  T'JVi' 

• ^ -*->►> 

. U 1 '2- 

. i,  1—  1 

. “ *4  1)  ' 

1 1.2 

1 -1.4 

1 3.2' 

1 ‘.-I 

>1.1 

21 

2 1.1 

2 1 .*• 

TABLE  9 - RMS  RESPONSES  OF  SHIP  F,  COLUMN  STABILIZED  UP 


HtAO  SF  AS 

LPPa  1/0.0  FELT 

1 

Hl/ja  6.  Ft£f 

CLLAmAHCL  * c • 

a, 20  Ft>  r 

Tn 

UMAFIfl  0 ■ 12. So 

t ft  i 

'0 

SEC. 

CHAMNtL 

SPkti'S 

«.  MS 

S.  KTS 

16.  6 Is 

■*vt  h?T&h7  aV  04!l*!N 

1 .mJT»J2 

1.43716 

1 

*Ayt  AT  ST*.  4 

1 .4JSJU 

1 .43  7“io 

1 ,6  166H 

HCAVt 

,b*i/0S 

1.01266 

2.AV26  > 

PITCH 

1 .6162* 

. 33SS0 

2.SH Is  1 

VEuf.  MOT.  AT  STA.  4 

2.024-36 

3.262*3 

J.MMVItH 

sHH*  AT  STA.  6 

2.11607 

J. 63107 

M. 1 1266 

VEQl • ACC.  AT  STfcWN  f AP ) 

•06 JlO 

.132*3 

.61 J66 

U 

VEPT.  ACC.  AT  C<3 

. U2 823 

.06041 

.266HS 

VFOT.  ACC.  AT  HOW  ( ► h ) 

• IWU2S 

•21630 

. 11  .I66 

*<1/5  AT  «-*lC*<  -Hw/isl 

♦ • / 

Z.7 

2.6 

1I/.5  at  *->io  hhm/.-si  (FEET) 

12.4 

«•  i 

/ .2 

■ A VC.  AT  >*J  1**1  '4 

1 • 66  / / 0 

1 .<*3J4  1 

i .66/61 

A Aye.  h£  I oh  I At  -T  A.  <* 

1 ..6-i'.;> 

1 .‘•5H  1b 

1.66/3/ 

HEAVE 

.-Jlj  1 JH 

1 .<f0b6» 

2 . 6 V 1 rt  u 

PlTt« 

1 .H|>  / i2 

d.+i** 0 

2.466 1 6 

V»-pI.  A')f.  A I STA.  4. 

2.  ll  .'OU 

0.«U84 

6.6 1 664 

Q 

W«M  AT  S T 4 . 6 

1 . T.unll 

J.4»0760 

6.6026S 

0 

vEol.  ACC.  AT  Sff-S  (AH) 

. V6S43 

.lOblH 

.26664 

vEof.  ACC.  AT  C‘< 

.U/A.H 

.owns 

.20230 

vEsi.  aCC.  AT  -*.<*>  iki 

» v 7-*:>0 

.14266 

.32666 

~l/i  aT  «-*iC**  -•'**/C=i 

6./ 

J.  1 

2.1 

•<1/5  A?  »-*  l C"  j-  ■‘/pr  1 (FEET) 

1 6.  - 

■*,d 

yAyr  ~r  1 ••*'  • • 1 • | . 

1 • — T 1 /*» 

1 . tin  l / 

l .-66V  j 

• A VC.  ~t  i *-*T  1 *•  t . . 

i . * t f~i  / 

1 

1 .-/■_• -IS 

**F  A vt 

1 • i .'  t~tf 

1 • j 1 MMM 

4 . 1 6 | i ■ • 

•MT-.h 

t • .»-> 

/.U/Ii'*'' 

r:  • ' i 

10 

VfJl,  -•  IT.  AT  "1  ' . ~ 

" • 1 - 1 1 * 

1 

1.661  \? 

->  J"  - T 5 f A . - 

1 •/'  VATj^ 

<; . Ihv 

i • f U 1 ^ 

“ 1 *>  1 •*  -*W 

♦ • **«'  ^ 1 

.v?M  I 

. 1 6 * .6 

AC-.  . *•  i 

• 1 1 "*  *« 

• >»-♦  1 I •* 

# | *«r . 

V e 3 ' . A C • *»  T * • * 

.••4-/- 

• 1 Hf  /H 

-•1  / ) »*  .•«1'*H  - .'•/!  r l 

* • * 

«4 

2.  7 

<!  / i at  i-if"  --•■/.=  j (FEET) 

/.-< 

• A vt.  **t  I ••*  ! A i 1 i- 1 . 

i . - *1 C < 

1 76  1 l 

1 .-6  5-6 

• A/l  Mt  I * 1 f >’  •«  *• 

1 1 

1 .-.  /*•  16 

l ,**h 

A * r 

1 . ' / J3i. 

l .-*2  1*12 

l .6661*6 

14 

®IT  -H 

4 • ><  »vl  1 

1 .241  *16 

1 .6(1  126 

. Vfot.  <01,  AT  STA.  4. 

1 .h  /•>•*! 

2.16672 

2.MU1X 

JAM  AT  > T A . *. 

1 . 1M26V 

2.2  1hi»6 

VE»I.  ACC.  AT  STt-.  IA*-' 

« 

. v»«* 0A6 

.0440! 

VFOT.  ACC.  AT  C-- 

.'J  i 

.J2J47 

.08644 

VFOt  . ACC.  AT  (1  H| 

.0.1166 

.0  /2**s 

.lb/14 

h|/j  AT  ah  1C"  ».«/C>| 

|H,  1 

6.H 

6.S 

h | / a * T ahjch  wh-4/  i* i (FEET) 

2».*J 

1 3.  \ 

59 


TABLE  10  - RMS  RESPONSES  OF  SHIP  G,  COLUMN  STABILIZED  DOWN 


HEAD  SEAS 

LPR»  170.0  FEET 

Hl/J»  6.  FEET 

CLEARANCE*  C > 12. Ou  FEET 

1 

GRAFT*  0 » ?4.0U  FEET 

CHANNEL 

SPfcfci.S 

u.  MS 

s.  ms 

WAyt  HEIGHT  at  OH  I GIn 

1 .hJSJ? 

1 

HA Vt  HEIGHT  at  STA.  «* 

1 .**JSJ0 

I.«*3«0<* 

HEAVt 

,36<;JS 

. JVlOH 

PITCH 

.3So<*h 

.*S6NH 

VEoI.  hot.  AT  STA.  a 

.SSbt>6 

.7«iSS  1 

H8M  AT  STA.  A 

I .S<?J«*7 

1 ,30l?J 

VEPT . ACC.  AT  ST'Hh  (AH) 

. VJOM 

VEPl . ACC.  AT  CG 

.oins 

. Oif  1 1 J 

VEPT.  ACC.  AT  H0h  (fHI 

. 0<.ss<* 

Hl/J  AT  HhICH  HH«/C=l 

1 " .‘3 

lo.  1 

H)  J AT  HHlCH  HHM/|>sl  (FbET) 

if.  1 

W A Vt  HEIGHT  AT  OOIolN 

1 .<*1  / /U 

i .1  ■)  jHS  I 

HAVE.  rl£  1 G«  T AT  STA.  i 

1 .11BT 3 

1 .Hi  1 A 

HEAVt 

. HHtJ  U 

, *4  / * 

PITCH 

• 7 7 

. J-*/Ss 

VEpT.  HOT.  Al  STa.  a 

. 

, hr>N  7*4 

PPH  at  sta.  a 

1 • irons 

1 .cr/ivtr 

vEpT  . ACC.  AT  S T h*.  (AH) 

. Jlr>l7 

vEoT.  AHC.  AT  C'i 

. 1 1 jh7 

. n llAj 

i/EoT.  aCC.  AF  -»t.i  i*-'") 

. Jr HoH 

. V J 1 11 

Ml/-<  AT  »h[Ch 

Xv*  / 

1 

Hl/j  AT  11 1 CH  »’i"/,.sl  (rttl) 

.1.) 

4-4,J 

HAVt  ►'Elv‘1  Al  .wImIj 

1 .I^HOH 

lAV'  Htl'>-I  ->  T if  A.  i 

1 .1  f 

1 .Uli'l 

HEAVt 

.1  1 ->  f" 

.Ol UHH 

hitch 

. JiHVH 

V^Ol.  *!jT.  AT  ill.  •• 

1 . i m M 

. 1 3<»-  J 

••’A'.'  -i  ill. 

1 . ’ l r /h 

i . 1 Hi 1 / 

•J  f 3 1 , A ' • . . *.  T sI.A’ 

. .. 

. I-'  1 

Vru  I . AC(.  . > T • • 

• 1 .>*♦** 

.vi  J-/ 

vFo!  , ACC  . AT  -■  i (r  h ) 

. 1 Wi 

HI  / J AT  -iIC*’  /'.-I 

FM  •"> 

•E' 

h!/a  at  k**ic~  — i •*  / 1 1 - i (FEET) 

i J . V 

'4^.  ^ 

wAy*  Ck  r • < -o  | « f * 

1 .»  «.VA 

1 .i /oil 

HA  Vt  Ht  I iH  1 A 1 U.i,  . 

1 .'.H  1 -if 

1 . i (ini 

A t 

1 . . l/'-Ju 

I.Wli  1 

PIT  H 

• ■* 

.shhoo 

VPhI.  --Mf.  AT  sTA.  .. 

H.  I V 1 

1.11'J  1 .1 

HP*  AT  s T •'« . .. 

1 . 11 Jll 

1 , *4^  J?U 

VFo  f . uCC  , ••  I ■>  T * - i i-  l 

. 11  1 U31 

. J 1 H-if 

V P P T . ACC.  M C" 

. ><  1 i iH 

. u 1 1 .T  i 

VFPf.  ACC.  al  ho.  (T-i) 

.VI f l A 

. JlHSV 

hI/J  AT  *i|Lm  n-\./C=  J 

I /.H 

l •i  • <J 

Hl/3  AT  vhICh  -h:../  ,s|  (FEET) 

T*3.  / 

In.  1 

TABLE  1 1 - BEAM  SEA  RMS  ACCELERATIONS  AND  ROLL  OF  CANDIDATE  SHIPS 


DtFINITlONS 

Point  1 it  CG  location  on  mam  deck 
Pomt  ? it  furthett  outboard  location  alt  on  main  dtek 
u vertical  acceleration 


